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Synopsis Report 

Spinel oxides (AB2O4-Type of crystal structure) with transition metals as cations at A and B sites are 

considered as important class of solid-state materials due to their wide-range of industrial applications. The 

family of Cobalt (Co) spinels such as Co3O4, Co2TiO4, Co2AlO4, Co2SnO4, etc. exhibit excellent catalytic 

behvoiur which are useful in many of the fuel-cells. In addition, they have unique magnetic, semiconducting, 

and optical properties as compared to other binary oxides like CoO, MnO, NiO, TiO2, SnO2 etc. Such spinel 

oxides have drawn immense attention of the scientific community primarily due to two important reasons: (i) A 

variety of magnetic and nonmagnetic ions can be accommodated on the eight tetrahedral A sites and 16 

octahedral B sites leading to the discovery of new compounds with novel functionalities. These particular 

features have opened up garden variety of fundamental research problems related to the magneto-structural and 

magneto-electric properties of spinals, (ii) Unlike metallic ferromagnets (FM) such as Fe, Co, and Ni, the 

magnetic spinels generally have very low electrical conductivity that leads the applications of these spinels in 

telecommunications, in particular microwave communication devices, where, reduction in eddy current loss is 

considered as vital parameter for the system. In recent years, among the spinels, the normal spinel Co3O4 have 

gained potential interests owning to their wide range of applications in many of the renewable energy system 

such as solar energy reflectors, gas-sensors, electro-chromic devices, electrode material for thin film super-

capacitor, magneto-electronic devices, and photo-voltaic cells and catalyst. On the other hand, incorporation of 

nonmagnetic elements (Al, Ti, Sn, Ge etc.) in the Co3O4 lattice bring a remarkable change in the magnetic 

properties of the spinels which further affect different functionalities of the compounds. Our current doctoral 

thesis work revolves around to investigate and further understand these peculiar features of the spinels using 

experiments complimented by theoretical calculations done from the first principle. Such dilution essentially 

alters the crystal and electronic structure, as well as magnetic exchange interaction between the cations that 

further lead to anomalous magnetic behavior. By keeping our main focus on these issues, we have performed 

detailed computational and experimental studies on a variety of Cobalt-spinels and their derivatives. In the below 

we present a detailed structure of our thesis which is mainly divided into seven Chapters.  

Chapter 1 brings with a brief introduction of the spinel compounds and their classifications along with 

their potential applications in solid-state-technology with main emphasis over the underlying Physics. Further 

we present various basic concepts required to understand the effect of structure on the overall electronic and 

magnetic behavior. In particular, few key concepts like density-of-states, exchange-splitting, crystal-field-

splitting, Jahn-Teller distortion, magnetic exchange interactions and exchange are discussed. We also outline 

the main motivation for choosing this particular set of spinels for our work.  

Chapter 2 renders details of numerical methodology and various experimental techniques employed 

including the synthesis procedure as well as characterization details used for our work. It begins with a brief 

description of the first-principles density functional theory (DFT) formalism, which we have extensively used 

to investigate the electronic and magnetic structure of the spinels. In order to consider the electron-electron 

TH-2770_166121011



vi 

 

correlations we resort on DFT+U formalism, where U being the strength of Coulomb Interaction. We have 

extensively presented the kind of pseudo potentials that we considered for our work. Further we present the 

details of various experimental techniques used for our work that includes the low-temperature magnetization 

measurements, magneto-transport, neutron diffraction and the electron spin resonance.  

Chapter 3 presents the results obtained from DFT+U calculations and the experimental data on different 

spinels Co2ΣO4 (Σ = Ti, Ru, Ge, Al, and Sn). Here we mainly focus on the electronic and magnetic structure of 

these compounds along with the energy band-structure which are complimented by the experimental results. A 

substantial increase in the size of the unit cell along with collapse of the long-range antiferromagnetic (AFM) 

ordering with spin-orbit compensation effect are the key features noticed as the octahedral Co site is diluted with 

non-magnetic cations. The extent of exchange splitting, ∆𝐸𝑋

𝑒𝑔
 of tetrahedral Co2+

 varies between 1.8 eV and 1.3 

eV for Co3O4 and Co2AlO4 (CAO) respectively. Conversely, ∆𝐸𝑋

𝑡2𝑔
 exhibits decreasing trend (5.2 eV→3.6 eV for 

Co3O4→Co2SnO4) with increasing the lattice parameter, except normal spinel Co2GeO4 (CGO). In case of the 

inverse spinels Co2SnO4 (CSO) and Co2TiO4 (CTO), weak ferrimagnetic (FiM) behavior emerges due to unequal 

magnetic moments at the two-sublattices A (3.87𝜇𝐵) and B (4.16𝜇𝐵 and 5.19𝜇𝐵 for CSO and CTO, respectively). 

Experiments and DFT calculations indicate that AFM configuration is stable in Co3O4 and CAO with an equal 

and opposite moment (~ 2.60𝜇𝐵) at the tetrahedral sites of divalent Co ions and negligible contribution from the 

trivalent B-site Co. This happens due to complete filling of the t2g levels having giant crystal field ~ 2.5 eV and 

1.8 eV, respectively. Interestingly, the AFM ordering remains intact in the normal spinel CGO due to the 

opposite spins at octahedral sites of divalent Co ions. However, the remaining spinels CTO (TN ~ 47.8 K) and 

CSO (TN ~ 41 K) are more favorable to FiM structure because of different temperature dependence of magnetic 

moments A(T) and B(T) at tetrahedral-A and octahedral-B sites, respectively. This chapter also deals with the 

variation in the energy band-gap obtained from DFT+U calculations which are compared with the experimental 

results obtained from the diffusive reflectance spectroscopy.  

            Chapter 4 deals with the static and dynamic magnetic behavior of normal spinel Co2RuO4 (CRO) which 

exhibits AFM transition at Néel temperature (TN) ~ 15.2 K, along with a spin-glass state below TN. In this system, 

TN is mainly governed by ordering of the spins of Co2+ ions occupying the A-site. However, the exchange 

interaction between the Co2+ ions on the A-site and randomly distributed Ru3+ on the B-site triggers the spin-

glass phase. Further we provide the Field-Temperature (H-T) phase diagram obtained from the analysis of M-T 

measurements at different H for T < TN. The remaining sections of this chapter deals with the spin-glass state 

with freezing temperature TSG (=14.2K) and the analysis of the paramagnetic susceptibility (χ) vs. T and 

exchange interactions in CRO. We employed the high-temperature-series (HTS) technique along with the 

experimentally obtained parameters to determine the exchange constant J1/kB (~ 6 K) between the Co2+ on the 

A-sites. The last section of this chapter deals with the M-H loop asymmetry at low temperatures and 

magnetocaloric effect (MCE) in CRO. Accordingly, we noticed giant exchange bias effect (HEB ~ 1.8 kOe) and 

coercivity (HC ~7 kOe) for a field cooled sample which further support the mixed magnetic phase of CRO. This 
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chapter ends with the discussion on the zero crossover of the magnetic entropy change for T > TN ad its 

correlation with the change in sign of differential magnetic susceptibility data.   

In Chapter 5 we focus our study in probing the low temperature structural distortion, magnetic ground state, 

and spin structures of single-crystal and powder samples of CTO and CSO using the neutron diffraction 

technique performed between 1.6 K and 80 K. Both these compounds exhibit highest magnetic intensity from 

the (111)M reflection due to FiM ordering, which sets in below TN = 48.6 K and 41 K for CTO and CSO, 

respectively. An additional low intensity (200)M magnetic reflection is evident in CTO due to the presence of an 

additional weak AFM component. Interestingly, from both the powder and the single-crystal neutron data of 

CTO and CSO a significant broadening of the (111)M magnetic reflection was noticed due to the disorderly 

distributed Ti and Co atoms on the B site. On the other hand, from our single-crystal neutron diffraction data of 

CTO we found a spontaneous increase of particular nuclear Bragg reflections below the magnetic ordering 

temperature which is ascribed to the presence of anisotropic extinction and change of the mosaicity of the crystal. 

In this case it can be expected that competing Jahn-Teller effects act along different crystallographic axes can 

induce anisotropic local strain that further brings a splitting in t2g levels for both Ti3+ and Co3+ resulting yielding 

of lower dxy level and higher two-fold degenerate dxz/dyz levels. As a consequence, one can expect a tetragonal 

distortion in CTO with c/a < 1, which could not significantly detect in the present work. 

Chapter 6 focuses on the electronic structure and magnetic properties of Ge diluted CTO spinel (i.e. 

Co2Ti1-xGexO4 (CTGO)) over a wide composition range (0 ≤ x ≤ 1) by means of the first-principles methods of 

DFT+U calculations. Special emphasis has been given to explore the site occupancy of Ge atoms in the lattice 

by introducing the cationic disorder parameter (y) which is done in such a way that one can tailor the Pyrochlore 

geometry and determine the electronic and magnetic structure quantitatively. For all the x, the system exhibits 

weak tetragonal distortion (c/a ≠ 1) due to the non-degenerate 𝑑𝑧2  and 𝑑𝑥2−𝑦2 states (eg orbitals) of the B-site 

Co. We observe large exchange splitting (∆EX ~ 9 eV) between the up and down spin bands of t2g and eg states, 

respectively, of tetrahedral and octahedral Co+2 (4A2(g)(F)) and moderate crystal-field splitting (∆CF ~ 4 eV) and 

the Jahn-Teller distortion (∆JT ~ 0.9 eV). These features indicate the strong intra-atomic interaction of CTGO 

system which is also responsible for the large variation of energy band-gap (1.7 eV ≤ Eg ≤ 3.3 eV). On the other 

hand, the exchange interaction (JBB ~-4.8 meV, for (x,y) = (0.25, 0)) between the Co2+ dominates the overall 

AFM behavior of the system for all ‘x’ as compared to interactions JAA (~-2.2 meV, for (x,y) = (0.25, 0)) and 

JAB (~-1.8 meV, for (x,y) = (0.25, 0)). For all the values of ‘x’ without any disoderness in the system, net FiM 

moment (Δµ) remains constant, however, Δµ increases progressively with composition due to the imbalance of 

Co spins between the A- and B-sites (ΔµMAX ~ -4.4µB for x = 0.75 and y = 1.0).  

Chapter 7 presents a brief summary of important findings of our experimental results. In this chapter we 

also identify some open issues which are potentially interesting for the future studies. 
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Chapter 1 

Introduction   
 

    
 
Since 1950’s, the magnetic spinel oxides are well studied due their unique magnetic properties and 

potential applications in the low-loss transformer cores, magnetic recording, microwave devices, magnetic 

read-write heads, magnetically tuneable capacitor and magnetic field sensors [1-8]. Among the magnetic 

spinel oxides, cobalt oxide (Co3O4) in the form of bulk and nanostructure draws immense attention due to 

its strong catalytic activity and potential application in renewable energy sector [9-12]. Due to its low cost, 

simple fabrication process and wide range of application, extensive investigation has been done in last few 

decades on Co3O4 and related nanostructures [13-20]. In recent times, more attention has been focused on 

nano-structured Co3O4 due to its ability to exhibit different behaviour than its bulk counterpart in terms of 

both super-paramagnetism and ferrimagnetism. Additionally, while incorporating non-magnetic elements 

like Ti, Sn, Ru, Ge in Co3O4 matrix (popularly known as magnetic-dilution), the resultant compounds also 

exhibit promising candidates for fuel cell and renewable energy. Besides the technological applications, 

these diluted spinels have unique magnetic properties such as exchange bias, geometrical frustration, spin-

glass state, negative magnetization, magnetic compensation, magnetic field induced transitions etc. [20-24]. 

In this thesis, we have investigated the structure, magnetic, electronic behaviour of these spinels. 

In this chapter, first we discuss the structure details of different spinel compounds that we have 

considered for this doctoral thesis. It is followed by a brief presentation on different magnetic behaviour 

(like ferromagnetism, antiferromagnetism, ferrimagnetism, paramagnetism) exhibited by the investigated 

materials. Also, the relevant theories like Hund’s rule, Weiss molecular field theory, magnetic exchange 

interactions, etc are outlined. Further, we discuss the underlying concepts and theories behind interesting 

complex magnetic phenomena, like negative magnetization, magnetic compensation, spin glass, shown by 

the magnetic spinels. Next, the crystal field theory and Jahn Teller distortions have been presented. At the 

end we give a description of the problems presented in different chapters.  

1.1 Spinel oxides: 

Spinels are special class of minerals, represented with general formula AB2X4 (A, B ≡ cations and X ≡ 

anions (O, S, Se, Te)). The crystal structure was first determined by Bragg [25] and Nishikawa [26] which 

is similar to the mineral MgAl2O4 (belongs to the space group Fd3m (𝐹1/𝑑
4 3̅2/𝑚; 𝑂ℎ

7; No. 227) [27]. Figure 

1.1 shows the primitive tetrahedral unit cell of the spinel, consisting of two molecular units and represented 

as two octants consisting of eight effective formula units per unit cell with 24 cations and 32 anions, out of 

total 56 atoms [28]. Generally, the anion sublattices are arranged in pseudo-cubic closed packed spatial 

arrangements with 96 interstices (64 tetrahedral and 32 octahedral interstices) between the anions. Among 

the 64 tetrahedral interstices, 8 are occupied by the cations and remaining 16 cations occupy the half of the 

octahedral interstices. Depending on the choice of setting of the origin in the unit cell there are two possible 

cases of the equipoints with point symmetry 4̅3𝑚 and 3̅𝑚, where the atoms can occupy the empty sites or 
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already occupied lattice sites. Table 1.1 lists the position of the lattice site along the body diagonal unit cell 

for four possible choices of the origin. Generally, the tetrahedral A-sites are occupied by the divalent cations 

and the octahedral B-sites are occupied by trivalent cations. However, other combinations are also possible 

with divalent, trivalent, and tetravalent cations. Depending upon the cationic distribution 

( (𝐴1−𝑥𝐵𝑥)[𝐵2−𝑥𝐴𝑥]𝑋4 , where x is the inversion parameter) spinels are divided into three different 

categories: (i) Normal spinel (𝑥 = 0) (ii) Inverse spinel (𝑥 = 1), and (iii) Mixed spinel (0 < 𝑥 < 1). The 

average bond angle of B-X-B and A-X-B is approximately 90o and 125o, respectively. The A-X bond length 

is √3𝑎(𝑢 − 1/4) and bond length between the B and X is 𝑎[2(𝑢 − 3/8)2 + (5/8 − 𝑢)2]1/2, where ‘𝑎’ is 

the lattice parameter and ‘𝑢’ is the anion parameter. The bond-lengths and bond-angles play a vital role in 

determining the physical properties of the system. The present thesis deals with the spinel family of Cobalt, 

in which various non-magnetic elements are incorporated at A/B sites of the spinel lattice which alters the 

bond-length and bond-angles. Consequently, the magnetic exchange interaction varies leading to interesting 

magnetic and electronic properties.   

 

Fractional 

coordinates along 

body diagonal of 

unit cell 

Origin at 4̅3𝑚 Origin at 3̅𝑚 

Equipoint 

(Wycoff 

notation) 

Origin on A-

site 

Origin on 

tetrahedral 

vacancy 

Equipoint 

(Wycoff 

notation) 

Origin on B-

site 

Origin on 

octahedral 

vacancy 

0, 0, 0 8a A-site cation Tetrahedral 

vacancy 

16c B-site cation Octahedral 

vacancy 

1/8, 1/8, 1/8 16c Octahedral 

vacancy 

B-site cation 8a Tetrahedral 

vacancy 

A-site cation 

1/4, 1/4, 1/4   8a A-site cation Tetrahedral 

vacancy 

32e Anion X Anion X 

3/8, 3/8, 3/8 32e Anion X Anion X 8b A-site cation Tetrahedral 

vacancy 

1/2, 1/2, 1/2 8b Tetrahedral 

vacancy 

A-site cation 16d Octahedral 

vacancy 

B-site cation 

5/8, 5/8, 5/8 16d B-site cation Octahedral 

vacancy 

8b A-site cation Tetrahedral 

vacancy 

3/4, 3/4, 3/4 8b Tetrahedral 

vacancy 

A-site cation 32e Anion X Anion X 

7/8, 7/8, 7/8 32e Anion X Anion X 8a Tetrahedral 

vacancy 

A-site cation 

Fig. 1.1: Schematic representation 

of the primitive tetragonal and 

conventional cubic unit cells of 

spinel. The primitive cell consists 

of two octants of the cubic unit cell 

in the tetrahedral and octahedral 

co-ordinates [28].       

Table 1.1: Lattice sites along the body diagonal in the ideal conventional unit cell of spinel by 

considering four possible choices of the origin. 
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After a brief structural discussion, now we present the underlying concepts behind different magnetic 

features exhibited by these spinels.    

1.2 Magnetic moments: 

The magnetic moment appears in the materials due to the presence of the motion of the electrons. There 

are two reasons for the origin of magnetic moments. Firstly, the electron revolves around the nucleus and 

the orbital motion generates the magnetic moment along the axis of rotation. Secondly, the electron rotates 

about its axis, known as electron spin and the magnetic moments originate along the direction of the spin 

axis (shown in Fig. 1.2). This indicates all the electrons in an atom behaves like tiny magnets due to the 

orbital and spin magnetic moments, consequently, various macroscopic magnetic properties emerge. For 

example, if an electron is placed in a magnetic field then its spin aligns parallel to the field along the z-axis 

with energy 𝐸 = 𝑔𝜇𝐵B𝑚𝑆 ,where, B is the magnetic flux density, g is Landé g-factor (≈ 2) and 𝑚𝑆 = ±
1

2
 as 

we consider that the electron spin is along z-axis. This implies that if the magnetic field and the electron spin 

are not parallel to each other, then the energy can be written as vector product 𝐸 = 𝑔𝜇𝐵𝑩. 𝑺. Along with the 

spin angular momentum, an electron also exhibits orbital angular momentum 𝐿̂ =  ∑ 𝒓𝑖 × 𝑝̂𝑖𝑖 . In this 

expression, 𝒓𝑖 is the position of the ith electron in the atom and the corresponding momentum is 𝑝̂𝑖. Now for 

any given atom the Hamiltonian is given by [29]: 

𝐻̂0 = ∑ (
𝑝̂𝑖

2

2𝑚
+ 𝑉𝑖)

𝑍

𝑖=1

                                                            (1.1) 

where the first term is the kinetic energy and the second term is assigned as the potential energy. The 

summation is taken over all the Z electrons in the atom. Now we need to add the magnetic field B (= ∇ × 𝑨) 

in the Hamiltonian. Here A is the magnetic vector potential and the gauge transformation yields 𝑨 (𝒓) =

(𝑩 × 𝒓)/2. However, in the presence of the external magnetic field the classical momentum should be 

represented as canonical momentum 𝑝̂𝑖  = (𝑝̂𝑖 + 𝑒𝑨(𝒓𝑖)) and therefore the perturbed Hamiltonian can be 

written as: 

Fig. 1.2: Schematic of the magnetic moment corresponding to (a) an orbiting electron and (b) a spinning 

electron.  
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𝐻̂ = ∑ (
[𝑝̂𝑖 + 𝑒𝑨(𝒓𝑖)]2

2𝑚𝑒
+ 𝑉𝑖) +

𝑍

𝑖=1

𝑔𝜇𝐵𝑩. 𝑺                                               (1.2) 

                                     where           𝑨. 𝒑 =
1

2
(𝑩 × 𝒓). 𝒑 =

1

2
(𝒓 × 𝒑). 𝑩 =

1

2
 ħ𝑳. 𝑩                                       (1.3)                   

substituting Eq. (1.3) in Eq. (1.2), leads to 

                                                𝐻̂ = ∑ (
𝑝𝑖

2

2𝑚𝑒
+ 𝑉𝑖) +𝑖 𝜇𝐵(𝑳 + 𝑔𝑺). 𝑩 +

𝑒2

8𝑚𝑒
∑ (𝑩 × 𝒓𝒊)2

𝑖    

                                                    =  𝐻̂0 + 𝜇𝐵(𝑳 + 𝑔𝑺). 𝑩 +
𝑒2

8𝑚𝑒
∑ (𝑩 × 𝒓𝒊)2

𝑖                                                (1.4) 

In the above equation, 𝜇𝐵 =
𝑒ħ

2𝑚
 is the Bohr Magneton and 𝐻̂0 represents the unperturbed Hamiltonian. 

Second term in Eq. (1.4) represents the paramagnetic contribution and this is a dominant perturbation to the 

original Hamiltonian. This term corresponds to the positive magnetization where the spin magnets orient 

parallel to the external magnetic field. The last term represents the diamagnetic contribution in the material 

and exhibits weak negative magnetization due to the anti-parallel alignment of spins to the external magnetic 

field.  

1.2.1   Hund's rules: 

The resultant angular momentum of an atom depends only on electrons in unfilled shells (the net angular 

momentum of a filled shell is zero). There are two factors to consider when determining the appropriate way 

to add the momentum of the individual electrons to obtain the overall angular momentum of the atom: (i) 

electrostatic Coulomb interaction between the atomic electrons leads to an effective coupling between the 

spin angular momenta, and (ii) Spin-orbit interaction, a relativistic effect which becomes more significant 

for heavier atoms [30]. 

For low to intermediate weight elements the electrons’ static interactions dominate and the spin-orbit 

interaction can be treated as a perturbation. The combination of angular momentum quantum numbers which 

minimize the ground state energy can be obtained by applying Hund's rules. When an atom has orbitals of 

equal energy, the order in which they are filled by electrons is such that a maximum number of electrons 

have unpaired spins [31]. The three possibilities are: (i) To maximize the total spin angular momentum S, 

while, keeping the parallel spins to minimize the coulomb repulsion between electrons, (ii) To maximize the 

total orbital angular momentum L, while the electron orbits rotating in the same direction minimizes the 

coulomb repulsion between electrons, and (iii) J = L − S if shell is less than half filled, J = L + S if shell is 

more than half filled. The rules assume that the repulsion between the outer electrons is much greater than 

the spin-orbit interaction which is in turn stronger than any other remaining interactions. The last rule arises 

from the spin-orbit interaction. It works well for rare earth ions but for some systems such as TM ions, the 

spin orbit energies are not as significant as the crystal field for example and so Hund's third rule is disobeyed 

[29,30]. 

TH-2770_166121011



5 
 

1.2.2 Theoretical description of Curie's law: 

Let us consider a volume V of gas containing N paramagnetic atoms per unit volume with a permanent 

magnetic moment µ. Due to the thermal excitations of the gas the atoms are randomly distributed with 

favourable spin orientation such that the net magnetic moment must be zero. If we apply any external 

magnetic field, then the magnetic spins would tend to orient along the field direction overcoming the effect 

of thermal excitations. The perfect spin alignment is only possible at absolute temperature. Also, the 

interaction between the spins is neglected so that in the calculations we consider the response of the magnetic 

atoms to the applied magnetic field. The determination of the net magnetization is usually dependent on the 

total angular momentum J (= Orbital angular momentum L ± Spin angular momentum S). According to the 

Hund’s rule discussed above, if the orbitals are more than half filled, J takes the sum of L and S. However, 

when the orbitals are less than half filled then we have J = L - S. The magnetic orbital quantum number (𝑚𝐽) 

varies between −J and +J including zero, therefore total 2J+1 number of permanent atomic magnetic 

moment component (𝑚𝐽𝑔𝜇𝐵) lies parallel to the magnetic field direction. According to statistical mechanics, 

the total magnetization M for N number of atoms with a particular orientation can be expressed as:      

   𝑀 = 𝑁
∑ 𝑚𝐽𝑔𝜇𝐵𝑒𝑚𝐽𝑔𝜇𝐵𝐵/𝐾𝑇+𝐽

−𝐽

∑ 𝑒𝑚𝐽𝑔𝜇𝐵𝐵/𝐾𝑇+𝐽
−𝐽

                                                  (1.5) 

Let us consider 𝑥 = 𝑔𝜇𝐵𝐵/𝐾𝑇, above expression can be simplified as: 

𝑀 = 𝑁𝑔𝜇𝐵

𝑑

𝑑𝑥
𝑙𝑛 ∑ 𝑒𝑚𝐽𝑥

+𝐽

−𝐽

                                                     (1.6) 

Expanding the series, we obtain  ∑ 𝑒𝑚𝐽𝑥+𝐽
−𝐽 = 𝑒−𝐽𝑥(1 + 𝑒𝑥 + 𝑒2𝑥 +∙∙∙ +𝑒(2𝐽−1)𝑥 + 𝑒2𝐽𝑥)  and using the 

geometric progression for the sum, Eq. (1.6) one can rewrite the equation as:  

𝑀 = 𝑁𝑔𝜇𝐵

𝑑

𝑑𝑥
(ln 𝑒−𝐽𝑥

1 − 𝑒(2𝐽+1)𝑥

1 − 𝑒𝑥 )                                         (1.7) 

Using sinh 𝑥 = (𝑒𝑥 − 𝑒−𝑥)/2 we obtain 

𝑀 = 𝑁𝑔𝜇𝐵 [
𝑑

𝑑𝑥
(ln

sinh [(2𝐽 + 1)/2]𝑥

sinh (𝑥/2)
)]                                         (1.8) 

Finally, Eq. (1.8) yeilds 

𝑀 = 𝑁𝑔𝜇𝐵𝐽 [
2𝐽 + 1

2𝐽
𝑐𝑜𝑡ℎ (

2𝐽 + 1

2𝐽
𝑦) −

1

2𝐽
𝑐𝑜𝑡ℎ

𝑦

2𝐽
] = 𝑁𝑔𝜇𝐵𝐽𝐵𝐽(𝑦)               (1.9) 

where, 𝑦 = 𝑔𝜇𝐵𝐽𝐵/𝑘𝑇  and 𝐵𝐽(𝑦)  is known as ‘Brillouin function’. The saturation magnetization is 

represented as 𝑀𝑆 =  𝑁𝑔𝜇𝐵𝐽. The Eq. (1.9) can be written as 
𝑀

𝑀𝑆
= 𝐵𝐽(𝑦). In Fig. 1.3 we plotted the Brillouin 

function vs. y for different value of 𝐽. For 𝐽 = 
1

2
 and ∞ the magnitude of 𝐵𝐽(𝑦) approaches tanh(𝑦) and 
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coth(𝑦) −
1

𝑦
, respectively. Additionally, near the room temperature T = 300K, for 𝐽 = 

1

2
 , 𝑔 = 2 and H = 

10kOe, the y values yields ~ 2×10-3. For extremely high magnetic field and/or low temperatures the 

experimental situation will corresponds to y << 1. Using the Maclaurin series expansion for small value of 

y, the calculated 𝐵𝐽(𝑦) =
(𝐽+1)𝑦

3𝐽
+ 𝑂(𝑦3). Hence, at the low temperature the magnetic susceptibility can be 

expressed as:  

𝜒 =
𝑀

𝐻
≈

𝜇0𝑀

𝐵
=

𝜇0𝑁

3𝑘𝑇
𝑔2𝜇𝐵

2 𝐽(𝐽 + 1) =
𝐶

𝑇
                                          (1.10) 

Eq. (1.10) is known as the Curie’s Law [29,32], where C is the Curie constant and the effective moment is 

defined as 𝜇𝑒𝑓𝑓 = 𝑔𝜇𝐵√𝐽(𝐽 + 1). However, 𝜒 obtained experimentally differs from the Curie law, as we 

consider that the magnetic atoms are isolated with no magnetic interaction between them. Later, Weiss 

implemented the molecular field theory to consider the interactions between the magnetic atoms and had 

rewritten the Eq. (1.10) as follows which is popularly known as Curie-Weiss law [29,32]: 

𝜒 =
𝐶

𝑇 − 𝜃
                                                                                (1.11) 

In Eq. (1.11), 𝜃 is known as Curie-Weiss temperature. Later we will discuss the 𝜃 to determine the nature of 

exchange interactions present in the magnetic materials. Eq. (1.11) may be written as:  

𝜒 = 𝜒0 +
𝐶

𝑇 − 𝜃
                                                                         (1.12) 

Here, 𝜒0 = χd + χvv contains contributions from the (negative diamagnetic susceptibility χd and (positive) van 

Vleck susceptibility χvv, both of which have only very weak temperature dependence [33-35]. All systems  
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Fig. 1.3: The magnetization of paramagnetic material as a function of the total angular quantum number 

J. The magnetization follows the Brillouin function 𝐵𝐽(𝑦) =
2𝐽+1

2𝐽
𝑐𝑜𝑡ℎ (

2𝐽+1

2𝐽
𝑦) −

1

2𝐽
𝑐𝑜𝑡ℎ

𝑦

2𝐽
 where, J = 

1/2, 1, 3/2, 2, 5/2,…, ∞.  
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have non-zero χd although it may be comparatively negligible. However, χvv is always present in systems 

due to the spin-orbit coupling. Since χd and χvv are of opposite signs, 𝜒0 = χd + χvv is often difficult to calculate 

accurately. Experimentally, 𝜒0 is determined from the plot of χ vs. 1/T in the limit of 1/T → 0 with a focus 

on the high T data where the contribution from the paramagnetic term 𝐶/(𝑇 − 𝛳) becomes negligible. 

1.2.3 Magnetic exchange interactions: 

In this section we provide a brief idea about the interactions between the magnetic atoms based on 

the quantum mechanical approach. These different types of interactions allow the magnetic constituents to 

communicate with each other and establish the long-range ordering of the system. Depending upon the 

energetically favourable structure of the system the spin alignment takes place; i.e. parallel or antiparallel 

alignment of spins between the neighbouring atoms in which the angle varies between 0 and 90o. There are 

two main classifications of magnetic interactions: (i) Magnetic dipole interaction and (ii) Exchange 

interaction. The magnetic dipole interaction is very weak in nature and account for the ordering of most of 

the magnetic materials, however this interaction is important to understand the physics of those systems 

which exhibits milli Kelvin ordering temperature. In most of the magnetic materials exchange coupling or 

exchange interaction decides the overall magnetic behaviour. To understand this phenomenon let us consider 

two electrons having spatial co-ordinates 𝒓𝟏 and 𝒓𝟐. The wavefunctions for the joint state can be represented 

as the product of individual states 𝜓𝑎(𝒓𝟏)𝜓𝑏(𝒓𝟐) . Such combination does not necessarily follow the 

exchange symmetry but the overall wavefunctions of the electrons must be antisymmetric. For two electron 

system there are only two possibilities: (a) For 𝑆 = 0 , an antisymmetric singlet spin state (𝜒𝑆 ) with 

symmetric spatial state, and (b) For 𝑆 = 1, a symmetric triplet spin state (𝜒𝑇) with an antisymmetric spatial 

state. Therefore, considering both the spatial and spin part, wavefunctions for the singlet (𝜳𝑆) and triplet 

(𝜳𝑇) states can be expressed as [29,32]:   

𝜳𝑆 =
1

√2
[𝜓𝑎(𝒓𝟏)𝜓𝑏(𝒓𝟐) + 𝜓𝑎(𝒓𝟐)𝜓𝑏(𝒓𝟏)]𝜒𝑆                                    (1.13) 

𝜳𝑇 =
1

√2
[𝜓𝑎(𝒓𝟏)𝜓𝑏(𝒓𝟐) − 𝜓𝑎(𝒓𝟐)𝜓𝑏(𝒓𝟏)]𝜒𝑇                                  (1.14) 

If the spin states 𝜒𝑆 and 𝜒𝑇 are normalized then the energies of the two possible states can be expressed as 

𝐸𝑆 = ∫ 𝜳𝑆
∗𝐻̂𝜳𝑆 𝑑𝒓𝟏𝑑𝒓𝟐                                                            (1.15) 

𝐸𝑇 = ∫ 𝜳𝑇
∗ 𝐻̂𝜳𝑇 𝑑𝒓𝟏𝑑𝒓𝟐                                                          (1.16) 

Therefore, the exchange constant can be expressed as  

𝐽 =
𝐸𝑆 − 𝐸𝑇

2
= ∫ 𝜓𝑎

∗(𝒓𝟏)𝜓𝑏
∗ (𝒓𝟐) 𝐻̂𝜓𝑎(𝒓𝟐)𝜓𝑏(𝒓𝟏)𝑑𝒓𝟏𝑑𝒓𝟐                       (1.17) 

and the effective Hamiltonian is 

𝐻̂ = −2𝐽 𝑺1 ∙  𝑺2                                                               (1.18)                                  
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If 𝐽 > 0, the triplet state 𝑆 = 1 is favourable because 𝐸𝑆 is greater than 𝐸𝑇. Otherwise, for 𝐽 < 0, 𝐸𝑆 < 𝐸𝑇 

and the singlet state 𝑆 = 0 is favoured. Eq. (1.18) can be easily derived for two electron system, but for many 

body systems generalizing the Eq. (1.18) is far more difficult. However, for many body systems to determine 

the nearest neighbour exchange constant Heisenberg proposed the Hamiltonian as: 

𝐻̂ = − ∑ 𝐽𝑖𝑗  𝑺1 ∙  𝑺2

<𝑖𝑗>

                                                           (1.19) 

where, 𝐽𝑖𝑗 is the exchange constant between the ith and jth spins. The magnitude and sign of 𝐽𝑖𝑗 provides an 

idea of what type of magnetic ordering the material consists. Positive sign of 𝐽𝑖𝑗 signifies the ferromagnetic 

(FM) state where the nearest neighbour (nn) spins are parallel to each other. However, the negative sign of  

𝐽𝑖𝑗  represents the antiparallel spin configuration between the nn spins which corresponds to the 

antiferromagnetic (AFM) state. While, 𝐽𝑖𝑗 = 0  the system exhibits paramagnetic (PM) state, where the 

exchange interactions are absent between the magnetic atoms and the spins are randomly orientated. There 

are two different types of exchange interactions possible: (i) direct exchange interaction and (ii) indirect 

exchange interaction. For the first case, coupling between the neighbouring atoms occur without any 

intermediate atoms as shown in the Fig. 1.4(a). However, this direct exchange does not have any significant 

impact in controlling the magnetic properties because the direct overlap of localized 3d and 4f orbitals is 

quite impossible. Thus, most of the magnetic materials exhibit indirect exchange and depending upon the 

crystal structure/symmetry different types of indirect exchange interactions are possible. First type of indirect 

exchange interaction is ‘super-exchange’ interactions, where, the two magnetic atoms communicate through 

a non-magnetic atom located between them. Fig. 1.4(b) shows the super exchange interactions which take 

place through intermediate non-magnetic O2- ions. The AFM interaction is possible when the nearest 

neighbour orbitals are half-filled. When the overlap happens between the empty and filled orbitals it causes 

FM coupling [36-40]. However, the FM super exchange interaction is much weaker than AFM case. The 

second type is first proposed by Rudderman, Kittel, Kasuya and Yosida popularly known as ‘RKKY’ 

interaction, where the exchange coupling between the magnetic atoms take places through the conduction 

electrons [29,32]. The coupling is oscillatory in nature which is the function of the distance between the 

magnetic atoms and represented as 𝐽𝑅𝐾𝐾𝑌(𝑟) ∝
sin 𝑟−𝑟𝑐𝑜𝑠𝑟

𝑟4 . Depending upon the oscillatory nature the system 

exhibits either the FM or AFM behaviour as shown in Fig. 1.4(c). The last type of interaction is known as 

‘double-exchange’. This interaction is noticeable between the magnetic ions which exhibit mixed valency 

(more than one oxidation state in the compound). For example, in case of La0.7Sr0.3MnO3, both Mn3+ and 

Mn4+ coexists and hence the interaction between the Mn3+ and Mn4+ is FM in nature and this system is a 

typical example for ‘double-exchange’ interaction (Fig. 1.4(d)). 
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1.2.4 Types of long-range ordering: 

As we discussed in the earlier section that depending upon the magnitude of  𝐽𝑖𝑗  the magnetic 

ordering can be categorized into three different classes: (i) Paramagnetic ordering ( 𝐽𝑖𝑗 = 0 ), (ii) 

Ferromagnetic ordering (𝐽𝑖𝑗 > 0) and (iii) Antiferromagnetic ordering (𝐽𝑖𝑗 < 0) (shown in Fig. 1.5). Another 

special class of magnetic ordering, named as Ferrimagnetic ordering (with 𝐽𝑖𝑗 < 0) is also often observed in 

spinels, which will be discussed later in this section. It is well known that the FM system exhibits non-linear 

magnetization in the presence of external magnetic field and exhibits spontaneous magnetization after the 

Fig. 1.4: Schematic representation of different types of exchange interactions: (a) direct, (b) indirect, (c) 

RKKY and (d) double exchange interactions. The indirect and double exchange interactions are shown 

between Mn cation and O anion in Mn3O4 and La0.7Sr0.3MnO3, respectively. 

Fig. 1.5: Spin orientation for different magnetic system: (a) Paramagnetism, (b) Ferromagnetism, (c) 

Anti-ferromagnetism and (d) Ferrimagnetism.    
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removal of the external field. At absolute temperature all the spins get aligned in a particular direction owing 

to the presence of some internal field. However, while increasing the temperature the thermal excitation 

resists the spin to align in particular orientation and at certain temperature the atoms acquire thermal energy 

which destroys the ordered spin state. This critical temperature is known as Curie temperature (TC) and above 

TC the FM substance becomes paramagnetic in nature. According to the Weiss' domains theory of 

ferromagnetism: (i) There are a number of magnetic domains with spontaneous magnetization directed along 

specific direction and the net magnetization is determined by the vector sum of the individual domains, and 

(ii) the presence of spontaneous magnetization in each domain is due to internal magnetic field and this 

energy aligns the spin in parallel direction. The internal magnetic field is proportional to magnetization M, 

and can be represented as Weiss molecular field 𝐵𝐸 = 𝜆𝑀, where 𝜆 is the Weiss field constant [29,32]. 

Therefore, in the presence of an external magnetic field B, the effective magnetic field is 

𝐵𝑒𝑓𝑓 = 𝐵 + 𝐵𝐸 = 𝐵 + 𝜆𝑀                                                     (1.20) 

Now combining Eq. (1.9) and (1.20), we obtain              

𝑦 =
𝑔𝜇𝐵𝐽𝐵𝑒𝑓𝑓

𝑘𝑇
=

𝑔𝜇𝐵𝐽

𝑘𝑇
(𝐵 + 𝜆𝑀)                                                    (1.21) 

In the absence of any external field (𝐵 = 0), Eq. (1.21) becomes  

𝑦 =
𝑔𝜇𝐵𝐽𝜆𝑀

𝑘𝑇
                                                                               (1.22) 

and the magnetization due to spontaneous magnetization is  

𝑀(𝑇) =
𝑦𝑘𝑇

𝜆𝑔𝐽𝜇𝐵
                                                                          (1.23) 

Now for 𝑇 → 0 or 𝑦 → ∞ implies 𝐵𝐽(𝑦) → 1; this signifies that all the moments align parallel to the field 

direction and the saturation magnetization can be expressed as 

 𝑀𝑠 (0) = 𝑁𝑔𝐽𝜇𝐵                                                                       (1.24) 

From, Eq. (1.23) and (1.24) we obtain, 

𝑀(𝑇)

𝑀𝑆(0)
=

𝑦𝑘𝑇

𝜆𝑁𝑔2𝐽2𝜇𝐵
2                                                                (1.25) 

Also, combining Eq. (1.9) and (1.24) gives,   

𝑀(𝑇)

𝑀𝑆(0)
= 𝐵𝐽(𝑦)                                                                     (1.26) 

Since, 
𝑀(𝑇)

𝑀𝑆(0)
 satisfies both the Eqs. (1.25) and (1.26) simultaneously, the magnitude 

𝑀(𝑇)

𝑀𝑆(0)
 at certain 

temperature can be obtained graphically. The intersection of curves for Eqs. (1.25) and (1.26) gives the value 

at a given temperature. The graphical representation at different temperatures is shown in Fig. 1.6. The 
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straight line corresponding to T = TC, is the tangent of the Brillouin function with an intersect at zero. For 

T < TC, the straight line intersects the curve at two points, one at zero and the other value is non-zero. The 

non-zero value of 
M(T)

MS(0)
 signifies the stable situation with a spontaneous magnetization. For T ≥ TC, there is 

only one intersection with 
M(T)

MS(0)
= 0 indicating that the spontaneous magnetization vanishes. Thus T = TC 

is known as the Curie temperature. Due to the spontaneous magnetization the ferromagnetic samples exhibit 

hysteresis curve below TC which is shown in Fig. 1.7(a). This hysteresis curves arise due to the presence of 

magnetic domains and growth of the size of the magnetic domains with increasing field. Also, complete 

rotation of these magnetic domains along the applied H direction determines the saturation magnetization 

value.  

Moreover, one can easily divide the hysteresis loop in three parts. Firstly, when a small magnetic 

field is applied across the material the domains gradually increase which are oriented along the field 

direction. Such displacements are reversible commonly known as ‘reversible domain-wall displacement’. If 

the applied field is increased, larger number of domains grow favourably and the magnetization gradually 

increases. This process continues until large number of favourable domains attain the maximum extent and 

the process is known as ‘irreversible domain-wall displacement’. Now if one increases the applied field 

beyond this limit, then ‘domain rotation’ takes place where the domains rotate from the easy direction to the 

applied field direction and gradually attain the saturation magnetization MS. While decreasing the magnetic 

field, the magnetization does not follow the same path as the random spin orientation cannot be regained 

easily. Therefore, the magnetization is still observed even when the applied field becomes zero and this is 

known as ‘Remanent magnetization (MR)’. To reduce this magnetization to zero we need to apply the 

magnetic field in reverse direction and this field is known as ‘Coercivity (HC)’. Similar behaviour is observed 

if the reverse magnetic field is increased and sweeps to zero, such a complete cycle is known as ‘Hysteresis-

loop’.  
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Fig. 1.6: Graphical solution of Eqs. (1.25) and (1.26). The intersection of the two curves give the 

spontaneous magnetization at temperature T < TC. No solutions are obtained for T ≥ TC.  
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Figure 1.7(b) shows the schematic diagram of the magnetic domain orientation with increasing and 

decreasing of magnetic field (in 1st quadrant). In case of AFM systems spins align antiparallel (↑↓) to each 

other as shown in the schematic diagram of Fig. 1.8. In the absence of the external magnetic field, the 

neighbouring magnetic moments cancel out each other’s contribution and exhibits a zero net magnetization. 

Now if an antiferromagnetic material is placed in an external magnetic field, the magnetization (M) appears 

along the field direction and it gradually increases as we increase the temperature. At certain temperature 

the M reaches a maximum which is known as Néel temperature (TN), it is similar to TC and beyond this 𝑇𝑁 

magnetization decreases exponentially with increase in temperature following the Curie’s behaviour 

indicating the paramagnetic state. Now let us consider two interpenetrating sublattices A and B, where the 

one type of atom will have a different type of atom as its nearest neighbour. In case of antiferromagnetic 

material, the strong negative nearest neighbour interactions (𝐽𝐴𝐴/𝐽𝐵𝐵) is followed by a weak positive next 

nearest neighbour interaction (𝐽𝐴𝐵/𝐽𝐵𝐴). Following the Weiss theory of molecular field, we consider that 𝛼 

Fig. 1.7: (a) Schematic representation of a Hysteresis loop for a ferromagnetic sample displaying the 

saturation point (1 and 4), retentivity point (2 and 5) and the coercive point (3 and 6), (b) Schematic 

diagram for the magnetic domains with increasing and decreasing the magnetic field.  

Fig. 1.8: Schematic diagram of different type of antiferromagnetic coupling among the nearest neighbour 

spins. 
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and 𝛽 are the interaction parameter or Weiss molecular field constants for AA (or BB) and AB interaction, 

respectively, then the magnetic flux densities can be written as [29,41]:            

                                                                 𝐵𝑚𝐴 = −𝛼𝑀𝐴 − 𝛽𝑀𝐵                                                                                       (1.27 𝑎) 

  𝐵𝑚𝐵 = −𝛽𝑀𝐴 − 𝛼𝑀𝐵                                                                (1.27 𝑏)             

𝑀𝐴 and 𝑀𝐵 is the magnetization at A and B sites, respectively. The effective fields at A and B sites in the 

presence of the external magnetic field can be expressed as: 

  𝐵𝐴 = 𝐵 − 𝛼𝑀𝐴 − 𝛽𝑀𝐵                                                            (1.28 𝑎) 

𝐵𝐵 = 𝐵 − 𝛽𝑀𝐴 − 𝛼𝑀𝐵                                                           (1.28 𝑏) 

For T > TN, using Eq. (1.10) the magnetization at each sublattice can be written as  

𝑀𝐴 =
𝑁𝜇𝐵

2 𝑔2𝐽(𝐽 + 1)

6𝑘𝑇
𝐵𝐴                                                         (1.29 𝑎) 

𝑀𝐵 =
𝑁𝜇𝐵

2 𝑔2𝐽(𝐽 + 1)

6𝑘𝑇
𝐵𝐵                                                       (1.29 𝑏) 

We assumed that A and B atoms are identical and hence the densities are equal 𝑁𝐴 = 𝑁𝐵 = 𝑁. Then the net 

magnetization turns out to be  

𝑀 = 𝑀𝐴 + 𝑀𝐵 =
𝑁𝜇𝐵

2 𝑔2𝐽(𝐽 + 1)

6𝑘𝑇
(𝐵𝐴 + 𝐵𝐵)                                                         

             =
𝑁𝜇𝐵

2 𝑔2𝐽(𝐽 + 1)

6𝑘𝑇
[2𝐵 − (𝛼 + 𝛽)(𝑀𝐴 + 𝑀𝐵)] 

 =
𝑁𝜇𝐵

2 𝑔2𝐽(𝐽 + 1)

6𝑘𝑇
[2𝐵 − (𝛼 + 𝛽)𝑀]                                                     (1.30) 

Hence, the susceptibility is given by, 

𝜒 =
𝜇0𝑀

𝐵
=

𝐶

𝑇 + 𝜃
                                                                        (1.31) 

where, 

𝐶 =
𝑁𝜇𝐵

2 𝑔2𝐽(𝐽 + 1)

3𝑘
 

and 

𝜃 =
𝑁𝜇𝐵

2 𝑔2𝐽(𝐽 + 1)(𝛼 + 𝛽)

6𝑘
 

Again, 𝑇𝑁  and 𝜃 can be related as, 

𝑇𝑁

𝜃
=

𝛽 − 𝛼

𝛽 + 𝛼
                                                                        (1.32) 
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For 𝛼 = 0, 𝑇𝑁 = 𝜃, whereas if  𝛼 > 0, 𝜃 > 𝑇𝑁 and if 𝛼 ≫ 𝛽, then the assumed two sublattice configuration 

become unstable. For 𝑇 < 𝑇𝑁, the net magnetization is zero but the spins of the two sublattices A and B 

orient along the preferred direction. In the presence of the external magnetic field the system exhibits some 

net magnetic moment and the magnetization can have two preferred directions, one parallel and another 

perpendicular to the direction of applied magnetic field. Figure 1.9 shows the dc-magnetic susceptibility (χ 

= dM/dH) as a function of T, along with perpendicular component 𝜒⊥and parallel component 𝜒|| below 𝑇𝑁. 

The 𝜒⊥component is independent of temperature and remains constant, whereas, 𝜒|| gradually decreases 

upon lowering the temperature and approaches to zero. This suggests that at absolute temperature in the 

presence of external magnetic field, the molecular field is dominating and does not allow the spins of one 

sublattice to orient along the spins of the other sublattice resulting the net magnetization to zero. In case of 

Fig. 1.9:  Temperature dependent magnetic susceptibility (χ(T)) of the antiferromagnetic material. The 

anomaly in the curve represents the Néel temperature TN. If the magnetic field is applied parallel to the 

Néel axis, then 𝜒⊥ and 𝜒|| represents the perpendicular and parallel susceptibility, respectively. The 

susceptibility of a polycrystalline antiferromagnet will be a combination of both.       

Fig. 1.10: Temperature dependence of inverse susceptibilities (χ-1) of paramagnetic (PM), ferromagnetic 

(FM), antiferromagnetic (AFM) and ferrimagnetic (FiM) materials. 
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ferrimagnetic (FiM) systems which is a special case of AFM, the spins of the A and B sublattices are in 

opposite direction but unequal magnitude resulting in a non-zero net magnetic moment (ΔM = ↑↓ ≠ 0). 

Consequently, the temperature where the transition occurs between ordered spin state to disorder 

paramagnetic state is known as ferrimagnetic Néel temperature (TFN). The magnetic susceptibility of 

ferrimagnetic materials can be expressed as: 1/𝜒 = 𝑇/𝐶 + 1/𝜒0 − 𝜎0/(𝑇 − 𝜃)  [8]. Summarizing this 

section, Fig. 1.10 shows the temperature dependent inverse magnetic susceptibility (𝜒−1) where the negative 

𝜃  is obtained for anti/ferri-magnetic and the positive 𝜃  is for ferromagnetic materials. In case of 

paramagnetic sample 𝜃 is essentially zero.    

1.3 Negative magnetization and magnetic compensation:  

This section deals with the concept of negative magnetization/magnetization reversal and magnetic 

compensation since some of the spinels that we investigated show these phenomena [22-24,42,43]. Usually, 

all the magnetic compounds (FM, AFM, PM, and FiM) exhibit non-zero spins with positive magnetization, 

whereas the diamagnetic samples exhibit negative magnetization irrespective of the direction of external 

magnetic field. However, sometimes when the magnetic material is cooled under the influence of the positive 

magnetic field, a crossover of the sign of magnetization from a positive value to a negative value takes place 

which can be seen in the temperature dependence of magnetization. The negative magnetization (with a 

positive differential susceptibility χ, ∂M/∂H) occurs in the magnetic materials such as FM, AFM, PM, and 

FiM is completely different from the diamagnetic state (with a negative differential susceptibility) which 

often occurs in case of superconducting/diamagnetic materials (as shown in Fig. 1.11). Mathematical 

foundations to these phenomena were first established by Louis Néel in 1948 [44] and two years later, this 

unique phenomenon was experimentally probed in the spinel ferrites [45]. According to Néel theory this 

phenomenon mainly arises due to the different temperature dependence of sublattice magnetization. 

However, it has been observed that the crystal structure, magnetic anisotropy, magnetic exchange 

interactions can also trigger the magnetization reversal in the system. Negative magnetization is observed in  

 

 

 

 

 

 

 

 

Fig. 1.11: Temperature dependent magnetization of polycrystalline Co2TiO4
 
sample measured under zero 

field cooled (ZFC) and field cooled (FC) condition at Hdc = 500 Oe. 
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five different conditions such as: (i) Negative exchange (NE) coupling among FM sublattices, (ii) NE among 

canted AFM sublattices, (iii) NE among FM/Canted-AFM and PM sublattices, (iv) Imbalance in the spin 

and orbital moments, and (v) Interfacial exchange coupling between FM and AFM phases [46]. In particular, 

the unique magnetic behavior of these systems is quite demanding in the field of magnetic recording (as 

read/write heads), spin-valve devices and applications such as thermally assisted magnetic random-access 

memory (TAMRAM). Furthermore, the phenomena of negative magnetization and compensation 

phenomena play a major role in achieving tunable magnetic entropy changes and large relative cooling 

powers in several magnetic compounds which have practical applications in the field of magnetic 

refrigeration technologies [46,47]. 

1.4 Exchange bias: 

In this section we focus on the different phenomenological features of exchange bias (EB) effect from 

both theoretical and experimental point of view along with its importance in modern day technology. In this 

doctoral thesis we deal with high EB under both ZFC and FC conditions at low temperatures in few spinels. 

EB effect is also well known as M-H hysteresis loop asymmetry. In 1956, Meiklejohn and Bean first 

observed the magnetic exchange anisotropy in Co(FM)/CoO(AFM) core-shell nano-particles [48,49] under 

different cooling protocols, the schematic representation is shown in Fig. 1.12. The field cooled 

hysteresisloops (solid lines) shows a shifted and broadened feature than the zero-field cooled curve (dashed 

line). The reason for this unique behaviour is due to the unidirectional exchange anisotropy that appears at 

the interface between FM and AFM spin structures. The discovery of EB effect was a breakthrough 

discovery, due to which the magnetic materials with FM-AFM exchange interactions have gained immense 

attention in technological applications such as data storage technology, magnetic recording media, magnetic 

random-access memories, and magnetic field sensors [50-67]. Although several research works are devoted 

to develop magnetic nanoparticles which exhibits exchange bias effect, 2D thin film heterostructures become 

 

 

 

 

 

 

 

 

 

Fig. 1.12: Magnetic loop asymmetry of partially oxidized Co particles measured at 77 K [48]. 
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more interesting due to a greater control of the FM-AFM pinned interface, in which the microstructure of 

both the constituents play a major role. Such controlled spin-structures across interfaces play a major role in 

deciding the magnitude of exchange bias field (HEB) which can be used in spin valves and tunnelling devices 

[50,54,64-68]. To understand the origin of the EB effect let us consider a layer of FM and AFM material 

with ordering temperatures TC and TN, respectively. At any arbitrary temperature T between TN and TC, if 

the applied external field is large enough then all the spins in the FM layer will align parallel to H but spins 

in the AFM layer will remain random (Fig. 1.13(i)). However, further cooling (T <TN) the system, the anti-

ferromagnetic arrangement of spins set up in the AFM layer and at the FM-AFM interface the spins of both 

layers interact with each other. Therefore, across the interface all the spins in the first monolayer of the AFM 

layer tends to align parallel to the spins in the FM layers due to the interfacial interactions, while the other 

residual spins in the AFM layer remain antiparallel to each other which corresponds to zero net magnetization 

in the AFM layer. The most important aspect in this procedure is to align the AFM interface spins along the 

field direction and along the FM spins. The magnetic hysteresis loop (measured under FC mode) is shown 

in Fig. 1.13 which demonstrates the spin configuration in the FM-AFM layers. However, when the field start 

reversing all the spins, the FM layer start to align along the magnetic field while the large AFM anisotropy 

tries to keep all the spins pinned in the AFM state. Due to the interface coupling these spins will exert a 

microscopic torque to the spins in the FM layer and try to keep them in their original position (Fig. 1.13(iii)). 

Therefore, in order to get complete magnetization reversal, very high magnetic field is required to overcome 

the microscopic torque exerted by the spins in the AFM layer. As a result, the coercive field value increases 

in the negative field direction. Quite the reverse, when the magnetic field direction is reversed back to its 

positive value the rotation of spins in the FM will be easier since the interfacial interaction with the spins in 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.13: Schematic of the spin orientation corresponding to the AFM-FM coupling at different stages 

of asymmetry M-H loop [71]. 
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the AFM layer will now favour the magnetization reversal [Fig. 1.13(iv)]. In this situation the AFM ordering 

exerts a microscopic torque in the direction of applied magnetic field and less magnetic energy is required 

in the positive field direction. Therefore, along the positive and negative field directions, an unequal 

magnetic energy is required to rotate the spins in the FM layers, hence as a consequence the whole hysteresis 

loop shifts towards the negative field direction. The magnitude of exchange bias (HEB) and coercive (HC) 

field of a system can be calculated as: HEB = (H+ + H−)/2 and HC = (H+ − H−)/2, respectively. The EB 

phenomena is not only observed in bi-layer thin-film/superlattice systems but also observed in the bulk 

single-phase alloys and other nanostructures composed with a variety of magnetic phases coexisting such as 

ferromagnetic, antiferromagnetic, ferrimagnetic, spin-glass, cluster-glass, charge ordered and disordered 

magnetic states [69-76].  

1.5 Spin Glass state: 

Mathematically speaking, spin-glass phase is referred to as multiple ground states present in a crystalline 

system. For the last 30 years, the Spin (magnetic moment) - Glass (disorder) (SG) phenomena have drawn 

immense attention due their substantial physical and mathematical interest [76-81]. Usually, at low 

temperatures the magnetic disorderness arises due to the different competing FM and AFM exchange 

interactions between the randomly distributed localized magnetic moments. In a magnetic system, spin glass 

state is a combination of random and mixed interacting state (Fig. 1.14), where the competing FM/AFM 

increases the frustration and randomness. This leads to spin disorderness and it freezes randomly at a certain 

temperature TF which is known as freezing temperature or spin-glass temperature. One important feature of 

SG state is that it exhibits a multiple number of ground states, therefore a SG system is not in thermal 

equilibrium and slowly relaxes to lower energy states. Generally, the alloys with dilute dispersion of 

magnetic atoms, show the SG behaviour. Metallic alloys such as Cu1–xMnx, Au1–xFex are the typical examples 

of SG system in which the site-randomness causes glassy behaviour [82,83]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14: Schematic representation of randomly distributed spins in a square lattice with FM 

interaction between the nearest neighbours (nn) and AFM interaction between next-nearest neighbours 

(nnn). The zig-zag lines represent the possibility of the frustrated spin. 

TH-2770_166121011



19 
 

 

 

The random-site occupancy of magnetic ions and random bondings are the main reasons for the presence of 

randomness in any compound, if such disorderness is combined with competing or mixed interactions which 

originates frustration inside the lattice. Also, site dilution of the magnetic ions with non-magnetic elements 

makes the system chemically disordered, while such disorderness disturbs the long-range interaction and 

causes short-range interactions like SG. The magnetic moments of the metal ions in Cu1–xMnx, Au1–xFex can 

couple with each other through the RKKY exchange interactions JRKKY(R) and the strength of JRKKY(R) 

(either FM or AFM) depends on the distance between two magnetic ions as shown in Fig. 1.14. This leads 

to competing magnetic interactions between the Mn spins which are randomly distributed and therefore, at 

low temperatures these magnetic interactions freeze in random direction (Fig. 1.15 (a)). In contrast, the 

Rb2Cu1–xCoxF4 and Fe1–xMnxTiO3 compounds are the standard examples of SG system which occur due to 

the randomness in bond formation (Fig. 1.15 (b)). Both the systems have perfect lattice structure, however, 

the competing magnetic exchange interactions (J) between the nearest neighbour spins results the 

randomness inside the system [78,84,85]. As, the temperature is lowered from 𝑇F, the neighboring spins 

begin to interact over sufficiently longer range. For T<<TF, the randomly distributed spins freely rotate and 

construct themselves into locally correlated units or clusters (Fig. 1.15 (c)). Such clusters can even be treated 

as local domains which rotate collectively. However, it is also possible that few spins act as independent 

entities which do not belonging to any cluster. These spins remain as they are and mediate the interaction 

between two clusters, thus enhancing the cluster sizes and relaxation times. Therefore, the system finds a 

ground-state (T = 0 K) configuration for the particular distribution of spins and exchange interactions. Such 

ground-state signifies the lock or freezing of the favourable set of randomly aligned spins generated by the 

local anisotropy. The temperature at which spin freezes randomly is called the ‘freezing temperature’ (TF or 

TSG) for a spin glass system [78]. Furthermore, with respect to the perfectly ordered FM or an AFM state, 

the SG state exhibits the non-zero value of the time average of spin (〈SiSj〉  ≠ 0). Therefore, a spin glass 

state shows a sharp cusp in the ac-susceptibility measurement as shown in Fig. 1.16 for the Cu1–xMnx (0.94 

at.%) alloy [75]. This figure shows the real component of ac-susceptibility (χʹ) measured at different driving 

frequencies (2.6, 10.4, 234 and 133 Hz) under zero-field-cooling condition. The peak temperature in χʹ is  

 

Figure 1.15: Illustration of (a) disordered lattice sites occupied by magnetic ions, (b) the random bond 

spin-glass and (c) the cluster spin-glass. In figure (b) the dashed lines represent FM coupling and the zig-

zag sign signifies the AFM coupling. 
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called the spin-glass freezing temperature TF. The graph clearly indicates the frequency dependence of χʹ 

below the TF, where TF shifts to higher temperatures with increasing frequencies of the applied ac-magnetic 

field (hac) which is the most important property of a spin-glass state. Such behaviour indicates that the system 

possesses many metastable ground states which cover a wide range of characteristic excitation and relaxation 

time scales. The measurement history dependence of χac measurements also unveils various other magnetic 

phenomena in SG systems such as revolution, aging, and memory effects [86]. In the present thesis (see 

Chapter 4) we discuss the above phenomena by means of dynamic ac-susceptibility in insulating spin glasses 

which exhibits SG behaviour of different time scales. 

 

1.6 Crystal field theory and Jahn-Teller distortion: 

It is a well-known fact that a strong crystal field (either tetragonal or octahedral crystal field) significantly 

influences the 3d electron pairing configuration in the t2g and eg levels and decides whether the magnetic 

ions should be in a low spin state or a high-spin state [87,88]. For example, in case of the normal spinels 

such as Co3O4 and ZnCo2O4 where the magnetic moment of Co3+ ion is completely nullified due to very high 

crystal field in the octahedral symmetry attains low-spin state. Thus, the absence of a permanent moment on 

Co3+ ion is explained as a result of the splitting of the 3d levels by the octahedral cubic field into upper 

doublet eg, and lower triplet t2g levels, these effects will be discussed in the investigated compounds in 

coming chapters. Keeping in view of above-mentioned important properties, below we present a brief 

discussion on the crystal field theory and its role on the magnetic behaviour of few transition metal oxides. 

The crystal field theory was first developed by physicists Hans Bethe and John Hasbrouck van Vleck in 

1930. This concept deals with the effects of the coordination symmetry and it is quite useful in understanding 

the physical properties of a few transition metal oxides [29,89]. In the octahedral symmetry (Oh), the cations 

are surrounded by six oxygen anions and the electrostatic repulsion acting between them breaks the 

symmetry of degenerate d orbitals. Consequently, these d-orbitals are split in two groups: lower triplet 

𝑡2𝑔 (𝑑𝑥𝑦, 𝑑𝑦𝑧 and 𝑑𝑧𝑥) and higher doublet 𝑒𝑔 (𝑑𝑥2−𝑦2 and 𝑑𝑧2) states (see Fig. 1.17).  

Figure 1.16: Temperature dependence of the zero-field real component of the ac-magnetic susceptibility 

χʹ(T) for Cu1-xMnx magnetic alloy measure at different frequencies. The inset shows zoomed view of χʹ(T) 

showing clear cusp at TF and its shift to higher temperature side with increasing frequency [82].   
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No. of 

electron

s 

Octahedral Tetrahedral 

High spin Low spin High spin 

configuration distortion configurati

on 

distortion configuration distortion 

𝑑1 (𝑡2𝑔)
1
 W - - (𝑒𝑔)

1
 weak 

𝑑2 (𝑡2𝑔)
2
 W - - (𝑒𝑔)

2
 0 

𝑑3 (𝑡2𝑔)
3
 0 - - (𝑒𝑔)

2
(𝑡2𝑔)

1
 S (𝑐/𝑎 > 1) 

𝑑4 (𝑡2𝑔)
3

(𝑒𝑔)
1
 S (𝑐/𝑎 > 1) (𝑡2𝑔)

4
 W (𝑒𝑔)

2
(𝑡2𝑔)

2
 S (𝑐/𝑎 < 1) 

𝑑5 (𝑡2𝑔)
3

(𝑒𝑔)
2
 0 (𝑡2𝑔)

5
 W (𝑒𝑔)

2
(𝑡2𝑔)

3
 0 

𝑑6 (𝑡2𝑔)
4

(𝑒𝑔)
2
 W (𝑡2𝑔)

6
 0 (𝑒𝑔)

3
(𝑡2𝑔)

3
 weak 

𝑑7 (𝑡2𝑔)
5

(𝑒𝑔)
2
 W (𝑡2𝑔)

6
(𝑒𝑔)

1
 S (𝑐/𝑎 > 1) (𝑒𝑔)

4
(𝑡2𝑔)

3
 0 

𝑑8 (𝑡2𝑔)
6

(𝑒𝑔)
2
 0 - - (𝑒𝑔)

4
(𝑡2𝑔)

4
 S (𝑐/𝑎 > 1) 

𝑑9 (𝑡2𝑔)
6

(𝑒𝑔)
3
 S (𝑐/𝑎 > 1) - - (𝑒𝑔)

4
(𝑡2𝑔)

5
 S (𝑐/𝑎 < 1) 

𝑑10 (𝑡2𝑔)
6

(𝑒𝑔)
4
 0 - - (𝑒𝑔)

4
(𝑡2𝑔)

6
 0 

Table 1.2: The strength of Jahn Teller distortion for different electronic configurations for d-orbitals 

electron for both high and low spin state. The weak and strong distortion is designated with ‘W’ and ‘S’ 

[90]. 

Fig. 1.17: Schematic representation of (a) five d orbitals (𝑑𝑥𝑦, 𝑑𝑥𝑧, 𝑑𝑦𝑧, d𝑥2−𝑦2, 𝑑𝑧2) and (b) higher t2g
 

and lower eg
 
energy level.  

(a) 

(b) 
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For the Oh configuration the 𝑒𝑔 orbitals lie along the same direction of the p orbitals of the oxygen anion and 

the energy of these states increase due to direct repulsion. On the other hand, the 𝑡2𝑔 orbitals lie in between 

the p orbitals and hence the 𝑡2𝑔 states attain lower energy than the 𝑒𝑔 orbitals. Similarly, in the tetrahedral 

symmetry (Th), the 𝑡2𝑔 (𝑒𝑔) levels lie along the p orbital and hence the 𝑡2𝑔 orbital exhibits higher energy 

than 𝑒𝑔  orbital. The energy difference between the two set of orbitals are denoted as ∆𝑂𝑐𝑡  and ∆𝑇𝑒𝑡  for 

octahedral and tetrahedral crystal fields, respectively and the crystal fields are related as: ∆𝑇𝑒𝑡= −
4

9
∆𝑂𝑐𝑡 

[90]. According to the above relation, the strength of the tetrahedral crystal field is always smaller than the 

octahedral crystal field. The crystal fields also depend on the cation and anion bond length which vary 

inversely with the bond length. In this regard it is important to mention about the ‘Jahn-Teller (J-T) 

distortion’ which arises due the electronic configuration of a non-linear molecule and undergoes a 

geometrical distortion to remove the orbital degeneracy. This phenomenon is mostly observed in transition 

metal complexes. Depending upon the different electronic configuration of the d-orbitals, the strength of the 

J-T effect is determined and in Table 1.2 we summarize this assertion [90]. In Fig. 1.18, we present a 

schematic energy level diagram for the d-orbitals under different crystal fields for the tetrahedral and 

octahedral sites for c/a ratio greater or less than 1. Therefore, the J-T effect is an important feature which is 

linked with the crystal and magnetic properties of different compounds. The crystal field splitting and J-T 

distortion is discussed in a more detailed manner in the corresponding chapters.  

 

Fig. 1.18: Schematic of crystal field splitting of d orbitals for cubic and tetragonal structure for both (a 

and c) tetrahedral A- and (b and d) octahedral B sites.  
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1.7 Description of the research problem: 

 
Recent experimental studies reveal large negative magnetization along with reentered spin-glass state 

in diluted spinels such as Co2TiO4 and Co2SnO4 [22-24,42]. Such exotic behaviour strongly motivated us to 

investigate the role of dilution with elements such as Ru, Ge, Ti, Sn, Al, in Co3O4 bulk system. Although 

there exist reasonably large experimental reports on these diluted spinels but their electronic structure and 

other properties (such as density of states and energy band structure) were completely unknown in the 

literature when we undertook this research problem. Therefore, we planned to study these systems in detail 

with special emphasis on the electronic structure calculations based on density functional theory (DFT) and 

complement our calculations with experimental observations (Chapter 3). Among all the spinels, Co2RuO4 

was less studied system and very little literature was available focusing on the magnetic structure of this 

system. Therefore, a detailed temperature dependence of ac-magnetic susceptibilities and dc-magnetization 

analysis is required to resolve the magnetic ground state of Co2RuO4 (Chapter 4). Also, the lack of 

experimental evidence on Co2TiO4 and Co2SnO4 single crystal samples, motivated us to perform the precise 

neutron diffraction studies below TN and to pin down the spin configurations much accurately which helped 

us to understand the density functional theory calculations at absolute temperature (Chapter 5). Lastly, 

Co2TiO4 and GeCo2O4 both exhibits interesting magnetic properties along with different crystal structure. 

Nevertheless, while going from inverse spinel configuration of Co2TiO4 to normal spinel pyrochlore 

configuration GeCo2O4, very few literatures are available. Although there are few reports describing the 

magnetic features of Co2Ti1-xGexO4 sample up till some critical composition xc ≤ 0.4, but beyond this xc there 

is no experimental evidence reported in the literature (Chapter 6). All these aspects motivated us to probe 

the structural, electronic and magnetic studies on Co2Ti1-xGexO4 (0.0 ≤ x ≤ 1.0) system in detail and fill the 

miscibility gap (0.4 ≤ x ≤ 1.0) in the composition dependent phase diagram. The concept of magnetic dilution 

and the magnetic compensation makes the diluted spinels very important systems both from fundamental 

and applications point of view hence, in the present doctoral thesis, we focus on both theoretical calculations 

and experimental studies with special emphasis on the structural, magnetic, electronic and optical properties 

of antiferro/ferri-magnetic Co-based diluted spinels. 
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Chapter 2 

Numerical and experimental methodology 
 

 
      In this chapter we present the numerical and experimental techniques employed in the current thesis 

work. The chapter is mainly divided into two parts. The initial portion of the chapter covers the theoretical 

basis of many-body electron systems and the Density Functional Theory (DFT), which is implemented in 

the Vienna Ab initio Simulation Package (VASP) [91,92]. This is the primary tool that we employed in this 

work to achieve our research goals related to the calculated electronic structure of different spinels. We also 

discuss few important approximations that are being considered in DFT calculations. In the second part of 

this chapter we discuss the experimental methodology including the fabrication of the investigated system 

with a detailed description of characterization techniques along with their working principles. These 

techniques are mainly aimed to understand the electronic and crystal structure along with the magnetic 

properties of the selected compounds. In the following we discuss the different many body theories. 

 

2.1 Theoretical background: 

Many body electron problems are quite difficult to handle theoretically. To understand the physics of the 

material at the microscopic level it is essential to employ the ab initio electronic structure calculations. This 

implies that we have to solve the Schrödinger equation for many-body systems which can be obtained either 

using the Hartree-Fock method or the DFT techniques [93]. The Hartree-Fock method is almost an exact 

method as it deals with very few approximations. On the other hand, the main disadvantage of the Hartree-

Fock method is that it required high computational power and is also time consumable. Due to this reason, 

DFT calculations are considered as appropriate while dealing with many-body electron systems. However, 

few approximations are required to solve the many-body electron problem which we discussed in the earlier 

sections. The DFT calculations replicate the many-body interacting system into a non-interacting single-

particle system, which has made the required breakthrough to arrive at parameter-free, “First-principles” 

methods, and gained robust and accurate results of materials properties. Over the years, DFT is used to study 

the complex magnetic properties, electronic structure and other different physical properties. This DFT result 

compliments the experimental observations for different spinel systems and perovskites for both bulk and 

low-dimensional structures, which confirm the accuracy of these methods. Additionally, the advanced 

softwares such as Vienna ab initio simulation package (VASP), Quantum Espresso, Gaussian etc; based on 

the DFT based first-principles methods makes it easy to tackle the complex problems accurately within 

reasonable time scales. Besides, in the recent years, DFT is not only used to interpret the experimental results 

but also to predict the properties of new materials where there is lack of any experimental evidences. 

Therefore, in this doctoral research work, we have used the DFT based first-principles methods for a better 

understanding of the electronic and magnetic structure of the investigated systems which are complemented 

with the experimental observations. In the following sections we discuss the detailed experimental 

methodology that we implemented in this work.  
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2.1.1 The many-body problem in solids: 

Generally, the electronic structure of a solid can be obtained by solving the nonrelativistic, time-independent 

Schrödinger Equation given below:  

𝐻̂ Ψ (r1, r2, …, ri, R1, R2, …, RI, …)  = E Ψ (r1, r2, …, ri, R1, R2, …, RI, …)           (2.1) 

In Eq. (2.1), Ψ is the many body wave function, 𝐻̂ is the Hamiltonian and E is the total energy of the system. 

The wave function Ψ is dependent of both positions of the electrons (index as 𝒓𝑖) and nuclei (index as RI). 

For a system composed of nuclei and electrons the Hamiltonian can be expressed as:  

𝐻̂  = −
ℏ2

2
∑

∇𝐼
2

𝑀𝐼
𝐼

−
ℏ2

2
∑

∇𝑖
2

𝑚𝑖
𝑖

+
1

2
∑

𝑍𝐼𝑍𝐽𝑒
2

|𝑹𝐼 − 𝑹𝐽|𝐼≠𝐽

+
1

2
∑

𝑒2

|𝒓𝑖 − 𝒓𝑗|𝑖≠𝑗

− ∑
𝑍𝐼𝑒

|𝒓𝑖 − 𝑹𝐼|
𝑖,𝐼

             (2.2) 

In the above Eq. (2.2), MI, RI and mi, ri are the mass and electronic co-ordinates of nuclei and electrons, 

respectively, and Z is the atomic number [93]. The first and the second terms represent the kinetic energies 

of nuclei and electron, respectively. The third, fourth, and fifth terms correspond to the Coulombic 

interactions between nuclei-nuclei, electron-electron, and nuclei-electron, respectively. Although the 

Hamiltonian is modelled but practically it is quite impossible to solve it using the available computational 

resources due to the presence of large number of atoms (~1023) present in the solids. Therefore, one needs 

few approximations to simplify Eq. (2.2). Here the mass of the electron is significantly less as compared to 

nuclei (mi << MI), consequently, in the presence of any external potential the electron reacts much quickly 

than the ions (vi >> VI) and the time scales linked with motions of electrons and nuclei are substantially 

different. It can be assumed that electrons move almost instantaneously (adiabatically) with respect to the 

motion of nuclei. In 1927, Born-Oppenheimer introduced this idea also known as Born-Oppenheimer 

approximation [94]. Following this, one can assume the position coordinates of nuclei (RI) are fixed. 

Therefore, we can neglect the kinetic energy of nuclei (K.Eelecton >> K.Enuclei) and further can treat the 

coulomb interaction between nuclei and nuclei as constant. This suggests that the electronic motion is 

independent of the nuclear coordinates. Therefore, the total wavefunction can be represented as the product 

of electronic and ionic wavefunctions (Ψ = ΨI(R)Ψe(r,R)) and the electronic Schrödinger Equation can be 

written as: 

𝐻̂𝑒Ψ𝑒 = 𝐸𝑒Ψ𝑒                                                                            (2.3) 

and the Hamiltonian using the Born-Oppenheimer approximation becomes:    

𝐻̂𝑒 = −
ℏ2

2
∑

∇𝑖
2

𝑚𝑖
𝐼

+
1

2
∑

𝑒2

|𝒓𝑖 − 𝒓𝑗|𝑖≠𝑗

− ∑
𝑍𝐼𝑒

|𝒓𝑖 − 𝑹𝐼|
𝑖,𝐼

 = 𝑇̂𝑒 + 𝑉̂𝑒−𝑒 + 𝑉𝑒𝑥𝑡                   (2.4) 

Here first term represents the kinetic energy of the electrons, second term the Coulombic potential acting 

between the electrons and the third term coulomb potential acting between the electron and nuclei. 

Nevertheless, the Born-Oppenheimer approximation suggests that the third term only depends on the 

electron coordinate as the nuclei coordinate is fixed. The last term in Eq. (2.4) is related to the external 
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potential acting on the electrons. We find that even after incorporating the Born-Oppenheimer approximation 

the electronic wave functions depend on the coordinates of nuclei (R) and electron (𝒓).  

Since the exact solution of Eq. (2.4) is not possible therefore few approximations are required to 

obtain the solutions of the Schrödinger equation. So, various theories are developed starting from Thomas-

Fermi-Dirac model, Hartree-Fock method to now the modern density-functional theory to solve the many-

body electron Hamiltonian [93]. The first two methods are built on the wavefunction and the latter one is 

based on the electron density. In 1928, Hartree proposed that each electron can be treated as independent 

entities where every electron is assumed to move in an effective potential composed of the external potential 

due to the nuclei and a contribution which describes the average electrostatic interaction between the 

electrons. Since the electrons are independent, the total energy can be represented as the sum of N numbers 

of one-electron energies and the wave function is simply approximated as the product of N numbers of one-

electron wave functions. However, this method does not follow two fundamental principle of the quantum 

mechanics: the anti-symmetry principle and Pauli’s exclusion principle. Additionally, it does not even 

consider the exchange and correlation energies which arise due to the electrons. In 1930, based on the one-

electron and the mean-field approach by Hartree, Fock proposed a much better way to deal the many body 

electron problem which is known as Hartree-Fock (HF) method. In this method the electronic wavefunction 

is considered as linear combination of noninteracting single-particle orbitals 𝜑i(r,s), i =1,…, N, such that the 

wave function is expressed in the form of a Slater determinant: 

Ψ(𝑥1, … , 𝑥𝑁) =
1

√𝑁!
𝑑𝑒𝑡[𝜑(𝑥1), … , 𝜑(𝑥𝑁)]                                                            

Ψ(𝑥1, … , 𝑥𝑁) =
1

√𝑁!
|

𝜑1(𝑥1)     𝜑1(𝑥2) ⋯  𝜑1(𝑥𝑁)

𝜑2(𝑥1)     𝜑2(𝑥2) ⋯  𝜑2(𝑥𝑁)
⋮                  ⋮           ⋱         ⋮   

 𝜑𝑁(𝑥1)     𝜑𝑁(𝑥2) ⋯  𝜑𝑁(𝑥𝑁)

|                                    (2.5) 

As a result, the electronic wave function is antisymmetric in nature and thus, total wave function in the HF 

method changes its sign when two electron indices are “exchanged,” from which the terminology “exchange 

energy” is originated. It corrects the overestimation of the energy and makes the HF model closer to the 

actual system. These theories mostly rely on the variational principle for the energy. It tells us how to look 

for ground-state solutions by guessing them. For instance, the exact ground-state wave-function minimizes 

the expectation value of the Hamiltonian, H: 

𝐸0 = min
𝛹

⟨𝛹|𝐻̂|𝛹⟩

⟨𝛹|𝛹⟩
                                                                       (2.6) 

A guess approximates normalized wave-function will always give an upper bound to the ground-state energy 

unless of course the guess is exact. A systematic derivation of the variational principle is as follows. Imagine 

we start with a trial wavefunction 𝛹, which can be expanded in the complete basis of exact solutions for a 

chosen Hamiltonian as 𝛹 = ∑ 𝑐𝑖𝜑𝑖𝑖 , where 𝐻̂𝜑𝑖 = 𝐸𝜑𝑖. The basic requirement is that the trial wave-function 

should be normalized: 
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⟨𝛹|𝛹⟩ = ∑𝑐𝑖
2

𝑖

= 1                                                                  (2.7) 

So, the energy expectation value using the trial wave-function becomes, 

𝐸 = ⟨𝛹|𝐻̂|𝛹⟩ = ∑|𝑐𝑖|
2𝐸𝑖

𝑖

                                                       (2.8) 

Therefore, upon applying the Born-Oppenheimer approximation it can be expressed as:  

𝐸 =  〈Ψ𝑒|𝐻̂|Ψ𝑒〉 =  〈Ψ𝑒|𝑇̂𝑒 + 𝑉̂𝑒−𝑒 + 𝑉𝑒𝑥𝑡|Ψ𝑒〉 = 〈Ψ𝑒|𝑇̂𝑒 + 𝑉̂𝑒−𝑒|Ψ𝑒〉 + 〈Ψ𝑒| 𝑉𝑒𝑥𝑡|Ψ𝑒〉           (2.9) 

Since 𝐸0 is the lowest-energy eigenvalue of 𝐻̂, so 𝐸𝑖 > 𝐸0, by construction. Since |𝑐𝑖|
2 is nonnegative so 

the Eq. (2.8) proves the variation theorem (i.e. 𝐸 > 𝐸0 for any trial wavefunction). Two popular electronic 

structure methods, HF and density functional theory (which will be discussed later part of this section), rely 

on this principle. 

Although the HF theory makes our life little easier to solve the many body problems but it has few 

disadvantages. Firstly, the same-spin electrons are kept away from each other by the antisymmetry 

requirement, and the HF treatment fully counts this quantum effect by the exchange energy. The electrons 

of different spins also tend to stay away from each other by the same charges they have, and this is called 

the correlation. This electron correlation is still missing in the HF method. Secondly, the scaling of the HF 

method is roughly order of N4 and thus a doubling of system size will increase the computer-time about 16 

times, which left us with the same numerical and computational challenge. In the following section we 

discuss the density functional theory.      

2.1.2 Density functional theory (DFT): 

The incorporation of Born Oppenheimer approximation simplifies the Hamiltonian, yet there are many 

challenges are involved to solve the many-body problem. On 1964, based on the theoretical concepts 

introduced by Hohenberg and Kohn [95] followed by Kohn-Sham Ansatz (1965) [96] DFT was introduced 

in the scientific community. The main idea of DFT is to map the many-body problems into one electron 

density instead of several electronic wavefunctions, as it reduces the dimension from 3N to 3. In late 1920s, 

Thomas [97] and Fermi [98] first proposed that the one electron density approach to solve the many body 

problem and obtain the ground state properties. However, this model neglected the exchange and correlation 

effects between the electrons which leads to bitterly incorrect results. In the below subsections we discuss 

few important theorems related to the DFT methodology.   

2.1.2.1 Hohenberg-Kohn (HK) theorems: 

Hohenberg-Kohn proposed two theorems based on the density of electron to solve the many body 

Hamiltonian.  

First theorem states that for a system of interacting particles in an external potential Vext (r), the potential 

Vext(r) is determined uniquely, except for a constant, by the ground state particle density n0(r) [95]. 
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Second Theorem states that a universal functional for the energy E[n] in terms of n(r) can be defined, which 

is valid for any external potential Vext (r). The exact ground state energy of the system is the global minimum 

value of this functional, and the density that minimizes the functional is the exact ground state density n0 (r) 

[95]. 

However, Eq. (2.9) can also be written in terms of electron density n(r) as follow: 

𝐸[𝑛] = 𝐹[𝑛] + ∫𝑉𝑒𝑥𝑡(𝒓)𝑛(𝒓)𝑑𝒓                                                     (2.10) 

In Eq. (2.10), the first term consists of kinetic and potential energy of the electrons which is universal 

functional of the electron density n(r). The second terms represent the interaction energy with the external 

potential. Nevertheless, the many-body problem becomes much simpler after the implementation of the HK 

theorem, but numerically determining 𝐹[𝑛] is still quite difficult due to Ve-e term [93]. Later, Kohn and Sham 

proposed a way to bypass this problem by proposing an ansatz which convert the interacting system to sets 

of effective non-interacting systems. This is also considered as the modern formulation of DFT to solve the 

electronic structure of many-body related problems which we discuss in detail in the following section.  

2.1.2.2 Kohn-Sham (KS) ansatz: 

Following the work of Hohenberg-Kohn in 1965, Walter Kohn and Lu Jeu Sham came up with a way to 

solve the many-body electron problem by proposing an ansatz which states that the ground state density of 

non-interacting electrons is equal to the original interacting electrons in the presence of an external potential 

Vext. The main advantage of considering the non-interacting electrons is that one can separate them and the 

wave function can be expressed as Eq. (2.5). The Kohn-Sham approach and the variational principle leads 

the following form of the Schrödinger Equation:  

(𝐻𝐾𝑆 − 𝜀𝑖) 𝜑𝑖(𝒓) = 0                                                                  (2.11) 

In the above expressions, 𝐻𝐾𝑆 and 𝜀𝑖 are the effective Kohn-Sham Hamiltonian and eigenvalues, 

respectively. The 𝐻𝐾𝑆 is given by  

𝐻𝐾𝑆 = −
1

2
∇2 + 𝑉𝑒𝑓𝑓                                                                   (2.12) 

where, 

𝑉𝑒𝑓𝑓 = 𝑉𝑒𝑥𝑡(𝒓) + 𝑉𝐻𝑎𝑡𝑟𝑒𝑒(𝒓) + 𝑉𝑥𝑐(𝒓)                                              (2.13) 

The second term in above expression is known as Hatree potential which is the electrostatic/coulombic 

interaction acting between the electrons given as    

𝑉𝐻𝑎𝑡𝑟𝑒𝑒 =
1

2
∫

𝑛(𝒓)𝑛(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓𝑑𝒓′                                                (2.14) 

and the last term is related to the exchange correlation potential which is defined as, 
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𝑉𝑥𝑐 =
𝛿𝐸𝑥𝑐[𝑛]

𝛿𝑛(𝒓)
                                                                         (2.15) 

The exchange correlation energy term, Exc contains all the corrections which will arise due to the mapping 

of the real interacting system into fictitious non-interacting system and the exchange energy term can be 

expressed as:  

𝐸𝑋𝐶[𝑛] = ∆𝑇[𝑛] + ∆𝑉𝑒−𝑒[𝑛]                                                          (2.16)    

where, ∆𝑇[𝑛] (= 𝑇[𝑛] − 𝑇𝑛𝑜𝑛 𝑖𝑛𝑡[𝑛]) is the correction in kinetic energy and the second term ∆𝑉𝑒−𝑒 

represents all the corrections to the electron-electron repulsion energy [93,99,100]. Thus, accurate evaluation 

of EXC is very much necessary to determine the ground state electron density. Nonetheless, the determination 

of exact EXC is fairly a difficult task and one has to rely on few approximations [93,99,100]. 

 The total number of electrons are fixed in the system and is obtained as   

𝑁 = ∫𝑛(𝒓)𝑑𝒓                                                                 (2.17) 

and the density of electronic wavefunctions can be calculated from single electron orbitals:  

𝑛(𝒓) = ∑|𝜑𝑖(𝒓)|
2

𝑁

𝑖=1

                                                        (2.18) 

In order to solve the KS equation, the 𝑉𝑒𝑓𝑓 and 𝑉𝐻𝑎𝑡𝑟𝑒𝑒 are required, which can be evaluated from the electron 

density expressions given in Eq. (2.13) and (2.14). However, from Eq. (2.18) it is clear that to determine 

𝑛(𝒓) we should have the information about the single electron orbitals 𝜑𝑖(𝒓) which can be obtained from 

the KS equation (Eq. (2.11)). Overall, we can say it is a self-consistent problem and can be solved using the 

Fig. 2.1: Schematic of a typical DFT procedure by iterative self-consistent loop. 
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iteration process. To start the iteration process we first provide an initial guess of 𝑛(𝒓) and construct the 

effective potential. Later, one can incorporate the effective potential in the KS equations (Eqs. (2.11) and 

(2.12)) and calculate 𝜑𝑖(𝒓), which eventually provide the information of final density n(𝒓). At this stage if 

the converge criteria is satisfied (difference between initial and final density 𝑛(𝒓)) then the self-consistent 

calculation is terminated, otherwise using the new electron density (nKS(𝒓) = 𝑛(𝒓)) the iteration process is 

continued until the convergence criteria is met. This procedure provides the true ground state density of the 

system. In Fig. 2.1 we provide a schematic flowchart for a better understanding of the self-consistent cycle 

which is a general approach used to solve the KS equations. Here we find that we need to model 𝑉𝑥𝑐 in order 

to get accurate ground state density. In the following we discuss the different scheme for 𝑉𝑥𝑐 approximation.    

2.1.3 Approximations for exchange-correlation energy: 
 

In general, the exchange correlation energy term (Exc) consists of all the key information related to the kinetic 

energy difference between real interacting and fictitious non-interacting system together with ∆𝑉𝑒−𝑒. It 

consists of all the quantum corrections of mechanical exchange and electron-electron correlation effects 

occurring in real interacting systems, which is ignored in non-interacting systems. Here, the exchange energy 

between the electrons with the same spin is represented with Ex while, Ec denotes the correlation energy 

between electrons of different spins. In such case the exchange correlation energy can be represented as: 

   

𝐸𝑥𝑐 =
1

2
∬

𝑛(𝒓)𝑛𝑥𝑐(𝒓, 𝒓′)

𝒓 − 𝒓′
𝑑𝒓𝑑𝒓′                                               (2.19) 

 
The average exchange-correlation density is represented by 𝑛𝑥𝑐(𝒓, 𝒓′), which signifies that an electron at 

point 𝒓 reduces the probability of finding another electron at 𝒓′. 

 
2.1.3.1 Local density approximation (LDA): 

LDA is one of the first approximations which is widely used to provide the approximate model of 𝑉𝑥𝑐 [101-

103]. The main idea of LDA is to consider the electronic density varying uniformly at each point in space 

which depends upon the local electron density instead of the overall density of the system. Therefore, it is 

easy to map a complex system into many uniform pieces of electron density with different magnitude. 

 

 

 

 

 

 

 

 

Fig. 2.2: Schematic of Local Density Approximations (LDA) in 2-D. The left panel shows the actual 

electron-density distribution and right panel shows the approximated four local elements of uniform 

electron densities. 

TH-2770_166121011



32 
 

 In Fig. 2.2 we have presented a schematic depiction of LDA in 2-D for the actual density depicted in the 

left panel. Now to obtain the exchange correlation energy we need to sum up the EXC of individual electrons 

with constant electron density at respective segments. So, we have 

𝐸𝑥𝑐
𝐿𝐷𝐴 = ∫𝑛(𝒓)𝜀𝑋𝐶

𝐿𝐷𝐴[𝑛0(𝒓)]𝑑𝒓,                                                        (2.20) 

where, 𝜀𝑋𝐶
𝐿𝐷𝐴[𝑛0(𝒓)] is the exchange-correlation energy per particle in a homogeneous uniform system. This 

LDA works well for those system where the electronic density does not vary much with space. However, 

the LDA predicts higher bulk modulus, lower lattice parameter, and bond lengths for different systems.  

 

2.1.3.2 Generalized gradient approximation (GGA): 

To overcome the limitations of LDA, GGA was introduced where the information of both the local (the 

electron density) and semilocal (gradient of electron density) environment of the electrons was considered 

at a given point.  

 

𝐸𝑥𝑐
𝐺𝐺𝐴 = ∫𝑛(𝒓)𝜀𝑋𝐶

𝐺𝐺𝐴[𝑛0(𝒓), ∇𝑛(𝒓)]𝑑𝒓                                       (2.21) 

 

The GGA predicts much better results as the real systems are inhomogeneous in nature with varying density 

landscape around electrons. There is no unique way to determine ∇𝑛(𝒓) as there are many non-empirical 

and empirical formulism already reported in the literature, among them Perdew, Burke and Ernzerhof (PBE) 

approximation is the most commonly used method for GGA functional [104]. The PBE-GGA predicts much 

better lattice parameter, bond-lengths and bulk modulus which are close to the experimental observations.    

 
 
2.1.4 DFT+U formalism for strongly correlated system: 

As discussed in the earlier sections 2.2 and 2.3, using DFT calculation one can able to solve the many body 

problems, however, the DFT have failures in treating the strongly correlated system. The formulism of DFT 

calculations is mainly based on the single electron orbitals representation and the electron-electron 

interaction. But for the strongly correlated system the electrons are localized in nature and the wavefunctions 

generally represents the many-body system. Hence, LDA and GGA fails to predict the correct ground state 

electronic density of the systems which exhibits d and f orbital electrons, and this leads to extremely incorrect 

lattice parameters, magnetic moments, vibrational spectrum, and all the other physical properties of the 

system. This problem is observed in both LDA and GGA exchange correlation functional which occurs due 

to the over-delocalize valence electrons and over stabilized metallic ground states of the electrons. To 

overcome such difficulty, the well-known Hubbard model is used where the physics of correlated materials 

is considered and the real-space second quantization formalism is suited to describe systems with electrons 

localized on atomic orbitals [105-110]. The Hamiltonian for the simple one band Hubbard model can be 

written as follows:  

𝐻𝐻𝑢𝑏 = −𝑡 ∑ 𝑐̂𝑖,𝜎
ϯ

𝑐̂𝑗,𝜎
<𝑖𝑗>,𝜎

+ 𝑈∑𝑛̂𝑖↑𝑛̂𝑖↓

𝑖

                                          (2.22) 
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here < 𝑖𝑗 > represents as the nearest-neighbour atomic sites, 𝑐̂𝑖,𝜎
ϯ

, 𝑐̂𝑗,𝜎 and 𝑛̂𝑖,𝜎 are respectively electronic 

creation, annihilation and number operators for electrons of spin 𝜎 on site i. The first term corresponds to 

the hopping process, where the motion of the electrons from one atomic site to its neighbouring sites can be 

described for strongly localized electrons. In this term t is the amplitude and it is proportional to the 

dispersion of the valance electron (bandwidth). In the second term of Eq. (2.22), U denotes the strength of 

the Coulomb repulsion between the electrons which occupies the same atomic site due to its strong 

localization. The competition between t and U decides the stable electronic ground state of the system. For 

t >> U, the single particle energy term dominates and DFT can easily describe the system, however, for t << 

U, the electrons do not possess enough kinetic energy to overcome the Coulomb repulsion between the 

neighbouring sites. Hence the hopping process in not possible and DFT fails miserably in such cases.    

Incorporating the Hubbard model in the DFT functionals gives the correct ground state for the 

strongly correlated systems which is popularly known as DFT+U approach. The main idea behind this 

approach is that the Hubbard parameter U deals with the localized d or f orbital electrons and rest of the 

valance electrons will get the standard DFT treatment. Within this approximation, the energy functional for 

DFT+U can be expressed as:  

𝐸𝐷𝐹𝑇+𝑈 = 𝐸𝐷𝐹𝑇 + 𝐸𝐻𝑢𝑏 − 𝐸𝑑𝑐                                                      (2.23)   

in the above expression 𝐸𝐻𝑢𝑏 is the electron-electron interactions obtained from the Hubbard Hamiltonian, 

and is equivalent to  

𝐸𝐻𝑢𝑏 =
𝑈

2
∑𝑛𝑖,𝜎𝑛𝑖,−𝜎

𝑖𝜎

                                                             (2.24) 

 

In Eq. (2.23), 𝐸𝑑𝑐 is known as the double counting term, to get rid of the extra term from 𝐸𝐻𝑢𝑏 which is 

already considered in 𝐸𝐷𝐹𝑇. The 𝐸𝑑𝑐 is expressed as: 

𝐸𝑑𝑐 =
𝑈

2
∑𝑁𝜎(𝑁−𝜎 − 1)

𝜎

                                                   (2.25) 

where, 𝑁𝜎 is the eigenvalues of the number operators and it also signifies the number of localized electrons 

with a given projection of spin 𝜎. In 1998, Duradev and co-workers [111] proposed a model which deals the 

total energy of DFT+U in a very simple way as given below. 

𝐸𝐷𝐹𝑇+𝑈 = 𝐸𝐷𝐹𝑇[𝑛(𝒓)] +
(𝑈 − 𝐽)

2
∑ 𝑛𝑗𝑙

𝜎𝑛𝑗𝑙
𝜎

𝑙,𝑗,𝜎

.                                        (2.26) 

In the above equation 𝑛𝑗𝑙
𝜎 is the density matrix of localised electrons, U is the Columbic repulsion 

corresponding to the Hubbard model and J is the Hund’s coupling parameter. We used this DFT+U 

formulism in our calculations which is implemented in the VASP package, in this present thesis as we will 

be dealing with transition metal oxides.    

 
2.1.5 Pseudopotential method: 

According to the Bloch’s theorem, the Eigen states of electrons in the presence of periodic potential of the 

crystal are periodic modulations of the plane waves (PW) and the PW can be used as a natural basis set to 
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obtain the electronic states in the solids [112-115]. However, the wavefunctions corresponding to the core 

electrons close to the nucleus are rapidly oscillating in nature and the variation in the wavefunction is 

moderately slow for the valence electrons. Hence to represent the wavefunction, a large number of PW are 

required especially for the core electrons and this will increase the computational cost significantly. To get 

rid of this issue, in 1935, Hellman [116] and later in 1959, Phillips and Kleinman [117] came up with the 

idea of the pseudopotential method where the electronic states are divided into core states and valence states, 

and both the states are treated separately. In the case of core states, atomic orbitals provide all the relevant 

information of the wave functions and the PW can describe the valence states. Therefore, the coulombic 

potential is replaced with the pseudopotential which contains all the features of the nucleus and the core 

states within a certain cut-off radius (rC) and merged with the actual Coulombic potential beyond rC. The 

main advantage of this pseudopotential method is that it removes the wiggles in the wave functions in the 

core region (below rC) and reduces the total number of electrons used in the DFT calculations. As a result, a 

relatively small number of the plane waves are required to determine the KS orbitals.  

2.1.6 Projected augmented wave method: 

In 1994, Blöchl proposed the idea of the Projected Augmented Wave (PAW) method to obtain better 

numerical results using DFT calculations [118]. The main idea is to retain all the information related to the 

wavefunctions of core electrons via mathematical linear transform approach. Another important aspect of 

PAW is that it contains all the information which is lost due to pseudopotential approximation and it controls  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3: Schematic representation of the pseudopotential and the pseudo wavefunction. Both the real and 

the pseudopotential matches beyond a given cutoff radius rC. 
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the properties linked to the nucleus, i.e. hyperfine parameters, and electric field gradients. In this method, 

the electronic wavefunctions is divided into two parts: a partial wave expansion within an atom centred 

sphere and an envelope function outside. In other words, PAW method combines the valence electrons wave 

functions with the pseudo wavefunctions. Figure 2.3 shows the schematic diagram of the real and pseudo 

electronic wavefunction, where both the wavefunctions are smoothed and matched very nicely at the edge 

of the sphere of radius rC. A brief discussion on the PAW method is illustrated below. 

Firstly, by means of the linear transform operator 𝑇̂ the auxiliary pseudo wavefunction |𝜓̃𝑛⟩ and the 

real electron wavefunction |𝜓𝑛⟩ can be mapped: 

|𝜓𝑛⟩ = 𝑇̂|𝜓̃𝑛⟩                                                                       (2.27) 

In Eq. (2.27), n represents the quantum level consisting of band, spin and 𝑘⃗ -indices. Hence the wavefunction 

is matching quite nicely with the smooth wavefunction beyond certain distance from the nucleus, therefore 

𝑇̂ should modify the wavefunctions of the core electrons near the nucleus. This implies that beyond the 

augmentation cut-off the transformation must be unitary and the operator can be written as a sum of atom-

centred contributions inside the wavefunction as: 

𝑇̂ = 𝐼 + ∑𝑇̂𝑎

𝑎

                                                                   (2.28) 

where 𝑇̂𝑎 are transformation operator and linked with the atom centres a. The transformation is not effective 

beyond the cut-off radius 𝒓𝐶
𝑎. Hence, the cut-off radius 𝒓𝐶

𝑎 should be chosen in such a way that there is no 

overlap of the augmentation spheres. Within the augmented spheres the real and the auxiliary smooth 

functions can be represented in terms of partial waves as given below. 

|𝜓𝑛⟩ = ∑𝐶𝑛𝑖

𝑖

|𝜙𝑖⟩                                                               (2.29) 

|𝜓̃𝑛⟩ = ∑𝐶𝑛𝑖

𝑖

|𝜙̃𝑖⟩                                                                (2.30) 

Here 𝐶𝑛𝑖 represents identical coefficient in Eqs. (2.29) and (2.30). Subtracting Eq. (2.30) from Eq. (2.29) 

and rearranging the terms one can write    

|𝜓𝑛⟩ = |𝜓̃𝑛⟩ − ∑𝐶𝑛𝑖

𝑖

|𝜙̃𝑖⟩ + ∑𝐶𝑛𝑖

𝑖

|𝜙𝑖⟩                                  (2.31) 

Due to linear transformation operator 𝑇̂, 𝐶𝑛𝑖 must be scalar product and can be represented as 

𝐶𝑛𝑖 = ⟨𝑝̃𝑖|𝜓̃𝑛⟩                                                               (2.32) 

where, ⟨𝑝̃𝑖| is the smooth projector operator and it satisfies the completeness relation  

∑|𝜙̃𝑖⟩

𝑖

⟨𝑝̃𝑖| = 1 ⇒ ⟨𝑝̂𝑖1|𝜙̂𝑖2⟩ = 𝛿𝑖1,𝑖2                                              (2.33) 
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and above relation indicates that within the range of augmented spheres, the smooth projector operator and 

the partial waves are mutually orthogonal. Hence, using Eqs. (2.31), (2.32) and (2.33), the transformation 

operator can be written as below 

𝑇̂ = 𝐼 + ∑(|𝜙𝑖⟩ − |𝜙̃𝑖⟩)⟨𝑝̃𝑖|    

𝑖

                                               (2.34) 

Implying the transformation operator, the KS equations leads to the below result 

𝐻|𝜓𝑛⟩ = 𝐻𝑇̂|𝜓̃𝑛⟩ = 𝜀𝑛𝑇̂|𝜓̃𝑛⟩ ⇒ 𝑇̂ϯ𝐻𝑇̂|𝜓̃𝑛⟩ = 𝜀𝑛𝑇̂ϯ𝑇̂|𝜓̃𝑛⟩                     (2.35) 

Thus solving Eq. (2.35), we can obtain the smooth wavefunction |𝜓̃𝑛⟩ and subsequently solving Eq. (2.27) 

we can also determine the true electron wavefunctions |𝜓𝑛⟩.   

In this thesis we have extensively used VASP to calculate the electronic and magnetic properties of 

complex spinel oxides which uses the same methodology discussed in this section. We will give more details 

of the parameters for different compounds in the corresponding chapters.  

2.2 Experimental methods: 

In this section we discuss the fabrication of the investigated system and a detailed description of 

characterization techniques. Initially, we provide a brief summary about the basic concept of each 

characterization method along with its working principle. These techniques are mainly aimed to understand 

the crystal structure, electronic and magnetic properties of the selected compounds.  

 
2.2.1 Synthesis method: 
 
2.2.1.1 Solid-state reaction technique: 
 
      In the present work all the samples were prepared by standard solid-state reaction method in the form of 

bulk polycrystals. This method involves mechanically mixing of the constituent binary transition metal 

oxides (BTMO) followed by intermediate grinding and sintering at high temperatures. The solid-state 

reaction method is thermodynamically stable process in which ions diffuses across the solid interface and 

this diffusion process occurs very slow. Typical reaction time in any solid-state reaction ranges from few 

days to few weeks and the heat-treatment involves very high temperatures (>1000°C) to overcome the 

diffusion barrier. In the present case, all the polycrystalline compounds: Co3O4, Co2AlO4, Co2GeO4, Co2TiO4, 

Co2RuO4, and Co2SnO4 were synthesized using the solid-state reaction using the stoichiometric amounts of 

commercially available BTMO (Al2O3, TiO2, SnO2, RuO2, GeO2 and Co3O4) from Alfa-Aesar GmbH. High 

purity BTMO have been selected as precursors. Firstly, appropriate amounts of precursors are grounded 

together using an agate mortar with pestle for six hours duration to ensure homogeneous mixing. These 

mixed powders were pressed into cylindrical pellets of size ~ 13 mm in diameter using a KBr die set and 

hydraulic press (40 kN/m2). Further it was sintered at or above 1200°C for 12 hours in air with heating rate 

5°C per minute and then cooled down to room temperature naturally. This sintering process leads to the 

chemical decomposition and resulting in the desired compounds with perfect homogeneity and high-density 

material. These pellets are crushed and sintered several times at slightly higher temperatures as compared to 

the initial sintering temperature under same conditions to yield single phase compounds. After this heat 
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treatment process, all the compounds are tested for the phase purity and for a detailed crystal structure by 

means of an x-ray diffraction method described below. 

 
2.2.2 Characterization details:  
 
      In this section we present the details of various characterization techniques employed in the present work. 

Firstly, we discuss about the structural characterization of the samples performed using X-ray diffraction 

measurements, including the magnetization measurements. 

 
2.2.2.1 Structural characterization: 
 
      We employed X-ray diffraction (XRD) technique to study the crystal structure of the investigated system. 

This is an important non-destructive technique primarily used for the identification of crystal structure and 

provides detailed information about the unit cell dimensions and interaxial angles of the investigated system. 

This technique also provides useful information about various structural properties of crystalline compounds 

such as micro-strain, grain-size, phase composition and defect structure. The XRD analysis is based on 

constructive interference of monochromatic X-rays after being reflected from the crystalline specimen. 

When an X-ray beam, generated by a cathode ray tube, is allowed to incident upon a crystal, the beam 

undergoes diffraction from the set of planes (Miller indices (ℎ𝑘𝑙)), as the geometrical condition satisfies the 

Bragg’s law [119]: 2𝑑ℎ𝑘𝑙  sinθ = nλ. Here ‘𝑑ℎ𝑘𝑙’ is the inter-planer spacing between the set of (ℎ𝑘𝑙) planes, 

θ is the Bragg’s angle or Diffraction angle, ‘n’ is an integer and λ is the wavelength of X-ray radiation. 

Figure 2.4 shows the geometry of the Bragg’s law for the X-ray diffraction from a set of crystallographic 

planes. The locus of the diffracted beams taken together from the different sets of planes is collectively 

known as the diffraction pattern of the crystal. In the present work we used a high-resolution X-ray 

diffractometer from Rigaku (Model: TTRAX-III) (18 kW rotating anode X-ray source) with Cu Kα source 

radiation with λ = 1.5406 Å. In order to extract the detailed crystallographic information from the obtained 

diffraction pattern we performed the Rietveld refinement using the open source programs FullProf-Suite and 

Powder-cell [120,121].  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4: Schematic diagram showing the diffraction of X-rays from lattice planes and the Bragg’s law. 
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2.2.2.2 Magnetic characterization: 
 
      In this section we present a detailed description related to the magnetic characterization employed in the 

present work. The magnetic properties of most of the polycrystalline compounds in the current thesis 

investigated by both superconducting-quantum-interference-device (SQUID) based magnetometer 

(Magnetic property Measurement system, MPMS-XL5 from Quantum-Design) and physical property 

measurement system (PPMS) with vibrating-sample-magnetometer (VSM) accessory for high field (± 9 T) 

and low-temperature (1.95 K) measurements [122,123]. For selected compounds we used the neutron 

diffraction measurements. It is well known that the SQUID magnetometer is most effective and sensitive 

tool which can detect low magnetic moments with very high resolution (> 10−7 emu) and very small magnetic 

field (10-18 T) using the Josephson junctions [124,125]. Usually, SQUID consists of two superconductors 

separated by thin insulating layer to form two parallel Josephson junctions as shown in Fig. 2.5(a). These 

Josephson junctions act as a magnetic flux-to-voltage transducer. The basic principle governing the operation 

of SQUID device is based  on the flux-quantization in superconducting (SC) loops and the Josephson-

effect  [126]. In 1962, Josephson showed that the electrical current density through a weak electric contact 

between two superconductors depends on the phase difference Δφ of the two SC wave functions  [122,125]. 

Following subsections deals with the instrumentation, basic principles, units relevant to SQUID 

magnetometry, sensitivity and detection limits of the instrument.   

 

2.2.2.2.1 DC-magnetization: 
 
      In this section we present the particulars of extraction of DC-magnetization and the working principle of 

a SQUID. Typically, in a SQUID when the current enters at the terminal 1, it gets divided into two parts, 

namely I1 and I2which experience a phase shift while passing through the two Josephson junctions X and Y 

(see Fig. 2.5(a)). The two phase shifted currents (I1
′ and I2

′ ) interfere at the terminal 2 and the resultant current 

oscillates between a maximum and a minimum value. The magnetic flux (φ) inside any SC ring is quantized 

and defined as φ = nhc/2e = nφ0, where n is an integer and φ0 is magnetic flux quantum = hc/2e = 2.07×10−7 

Gauss-cm2. The maximum value of the current occurs when the magnetic flux inside reaches an integral 

number of flux quantum, whereas, the minimum corresponds to the half integral of the flux quantum. The 

voltage which also oscillates depending on the change in magnetic flux is measured across the two terminals 

1 and 2. Thus SQUID acts as a transducer which converts magnetic flux into voltage. In the magnetometer, 

this SC loop is connected with the pickup coil which is also located inside the magnetic field. The pickup 

coil is made of SC wire with four windings (Fig. 2.5(b)). When a sample moves up and down inside the SC 

wires the magnetic moment of the sample induces an electric current in the coil which couples with magnetic 

flux through the coil with the SQUID sensor, as shown in Fig. 2.5(a). The SQUID sensor changes the 

magnetic flux to the output voltage which is proportional to the change in magnetic moment of the sample 

(Fig. 2.5(c)). The voltage is then magnified and read out by the magnetometer electronics. It is well known 

that SQUID can only detect magnetic flux φ (= ∫ B ∙ dA, magnetic flux density B times the area A of the 

SQUID loop and every SQUID magnetometer has to be calibrated with a sample of known magnetic moment 

such that one can obtain the fringing/stray field (since the actual area A of each SQUID is not precisely 
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known). However, commercially available SQUID magnetometers detect the change of magnetic flux 

created by mechanically moving the sample through a SC pick-up coil which is converted to a voltage VSQUID. 

In a typical MPMS, the position is denoted as the x-direction which is parallel to the external magnetic field 

Hext so that one obtains raw data, often called as “lastscan,” where VSQUID is plotted against xpos (Fig. 2.5(b)). 

In order to suppress the influence of all kinds of external magnetic fields, the pick-up coil is made as second 

order gradiometer (surveying instrument used for measuring the gradient). The entire detection system is 

sketched in Fig. 2.5(b) with a clear depiction of single SQUID scan in the inset where the maximum of 

VSQUID at xpos = 2 cm corresponds to the sample directly positioned in-between the double coil of the pick-up 

gradiometer. After mounting the sample, this center-position has to be determined using a long scan to 

accurately adjust the sample position with respect to the pickup coils (this procedure is popularly known as 

centering). During the centering process one has to record relatively long scans so that not only the maximum 

but also two minima should be included in the scan. In this process the sample can be imagined like an ideal 

point dipole which is exactly pinned on the axis of the magnetometer. Usually, the software allows one to 

perform the fit in two ways: First, it either assumes a fixed sample position and only fits the amplitude of 

the VSQUID (xpos)-curve with a single fitting parameter which is the magnetic moment of the assumed point 

dipole often called as the linear-regression-mode in the MPMS. In the second method the sample position is 

fitted together with the amplitude by iterative regression mode which is very convenient method for 

measuring the temperature dependent magnetization. The iterative regression mode easily compensates for 

the thermal expansion of the sample holder assembly. To minimize errors in the fit due to the point dipole 

approximation in either fitting routine, the specimen size should be limited to a maximum of 5 mm along 

the scan direction. Whereas, the lateral size of sample is naturally limited to 5-6 mm depending upon the 

design of the sample holder.  

In the present case we mounted the sample at the centre of a transparent plastic straw. But, for highly 

sensitive measurements, the following parameters turned out to be a good compromise between accuracy 

and time: 4 cm of sample movement, average over 5 scans with 10 oscillations each at 1 Hz, and iterative 

regression mode for the fit routine. Concerning the units, magnetization (M) of a homogeneous sample of 

volume (V) is related to the magnetic moment (µ) with M = µ/V. Typically, magnetometry measurements 

are different from susceptometry measurements where the magnetic susceptibility tensor χij is given by χij = 

∂Mi/∂Hj. Here H represents the magnetic field intensity, which is not to be mistaken with B the magnetic 

flux density (or magnetic induction). In the cgs units, B is measured in Gauss (G) while H is measured in 

Oersted (Oe) and in vacuum, both quantities are same. In the SI units, B is measured in Tesla (T), whereas, 

H is measured in A/m and in vacuum, B = μ0H; the conversion from cgs to SI is 10000 Oe = 1 T. The MPMS 

uses the cgs-unit emu for ‘m’, which can be easily converted into the SI-units. Usually, the measured 

magnetic moment from SQUID magnetometry is often given in emu/g which is easier to be measured and 

does not require the density of the material and this quantity can be easily representable in μB/atom (1 μB 

=9.274×10−21 emu). The sensitivity of commercial SQUID magnetometers is usually provided in emu; for 

the MPMS-XL5, it is < 10–8 emu below 250 mT and less than 2×10–7 emu up to full field conferring to the  
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manufacturers specifications which is ~ 2×10–7 emu corresponding to the magnetic moment of a single 

atomic layer of nickel. 

            In the present study, fully automated “standard sequences” were used for the temperature dependence 

of magnetization and magnetic hysteresis loops performed using a SQUID magnetometer. Throughout this 

work we used standard MPMS sequences for the M-H and M-T measurements under both zero-field-cooled 

Fig. 2.5: (a) Schematic diagram of a SC ring consists with two Josephson junctions inside the DC SQUID 

magnetometer. (b) The SC pick-up coil with second order gradiometer (four circular rings). Inset shows the 

SQUID response VSQUID versus sample position (x-pos.). (c) The output voltage plotted as a function of 

applied flux, here a small change in flux corresponds to the measurable voltage change across the SQUID. 
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(ZFC) and field cooled (FC) conditions. For the M-H curve we used the following experimental protocol. 

First, a full M-H is measured at 300 K under five cycle hysteresis mode (0→+5T→0→–5T→0→+5T) using 

the “no overshoot” mode (field is approaching the desired magnetic field from one side and exactly stabilizes 

the magnetic field at the requested value; magnet is in persistent mode during the actual measurement). Then 

the sample is cooled down in the presence of field Hdc and no-field (Hdc = 0 Oe) to 2 K and then a full M(H) 

curve is recorded. We performed the M(H) curve at 2 K under field-cooled conditions to see whether the 

investigated system exhibits exchange-bias effects or not. This procedure also allows us to probe the field 

imprinted magnetic phenomena like the uncompensated antiferromagnets or ferrimagnets. On the other hand, 

temperature dependence (2 K to 300 K) of magnetization M(T) was measured using the standard protocols, 

ZFC and FC by cooling the compound in the presence of field/no-field (≤100 Oe) and under settle mode 

with small temperature interval. However, few measurements were performed under sweep mode (no 

stabilization of the temperature). Before the beginning of sequence for low-field measurements, 1 kOe field 

is set using the “oscillation” mode and set to zero, such that one can minimize the residual/stray fields and 

ensure perfect virgin state. After this procedure, we performed the low-field M(T) measurements in which 

field is applied with no-overshoot condition. The major components of the SQUID measurement system 

comprise the following major constituents: (i) Temperature control system: Precision control of the 

temperature in the range 2 K to 400 K, (ii) Magnet control system: Current from a power supply is set to 

provide magnetic fields from zero to 7 T. (iii) Superconducting SQUID amplifier system: The DC−SQUID 

detector is the heart of the magnetic moment detection system. It provides reset circuitry, auto-ranging 

capability, a highly balanced second-derivative sample coil array. (iv) Sample handling system: The ability 

to step and rotate the sample through the detection coils without transmitting undue mechanical vibration to 

the SQUID is of primary importance. (v) Computer operating system: All operating features of the MPMS 

are automated and computer controlled. The user interface at the PC console provides the option of working 

under standard sequence control or diagnostic control which will invoke individual functions. 

 
 2.2.2.2.2 AC-magnetic susceptibility: 
 
      In this sub-section we discuss the theory and experimental methods related to dynamic magnetic 

susceptibility under time varying magnetic field together with the measurement technique. In the ac- 

susceptometer, the sample is mounted in the center within the pick-up coil and a small time varying 

sinusoidal magnetic field hAC = h0 sin(ωt) is applied on the sample. Here ω (= 2πf ) is the angular frequency 

of the oscillating magnetic field.    

The frequency (f) is typically varied between 0.1 kHz and 10 kHz. The response of the magnetization 

is recorded, MAC = 
𝑑𝑀

𝑑𝐻
 h0 sin(ωt); where the AC-susceptibility is defined by the expression: 𝜒𝐴𝐶 = 𝑀𝐴𝐶/ℎ𝐴𝐶. 

Usually, the frequency of the oscillating magnetic field is comparable to the timescale of the magnetic dipole 

relaxation of the system. It is possible that there may be some phase lag (consequently, dissipation takes 

place) when the perturbation is slightly faster or slower than the natural frequency of the system. Thus, the 

response is reported in two parts. The in-phase (𝜒𝐴𝐶
′ ) and out-of-phase (𝜒𝐴𝐶

′′ ) (or real and imaginary 

components). Here, the imaginary component (𝜒𝐴𝐶
′′ ) relates to dissipation/loss in the system. Thus, the ac- 
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susceptibility may be written as a complex quantity: 𝜒𝐴𝐶  = 𝜒𝐴𝐶
′ + i𝜒𝐴𝐶

′′ .   

Here,                                                      

𝜒′ = 𝑅𝑒[𝜒𝐴𝐶] = 𝜒0𝑐𝑜𝑠𝜑 =
𝜒0

1 + (𝜔𝜏𝑒𝑓𝑓)
2
                                           (2.36) 

𝜒′′ = 𝐼𝑚[𝜒𝐴𝐶] = 𝜒0𝑠𝑖𝑛𝜑 =
𝜒0

1 + (𝜔𝜏𝑒𝑓𝑓)
2
 𝜔𝜏𝑒𝑓𝑓                                  (2.37) 

and 𝜒′/𝜒′′ = tanφ = 𝜔𝜏eff (𝑡). In the above expressions, φ represents the phase delay of the time-varying 

magnetization (M(t)) relative to the applied ac magnetic field (hac(t)) and 𝜏eff is the effective relaxation rate 

which characterizes the ability to retain magnetization after the dc-field is removed. As compared with the 

dc-magnetic susceptibility, the temperature dependence of ac-susceptibility χAC(T) gives sharp transitions 

and the ac-data clearly separates out the order - disorder transitions from the local short-range magnetic 

orderings [78]. In this work we employed the same SQUID magnetometer as discussed above for the 

temperature and frequency dependence of ac-susceptibility data. However, ac-measurements are performed 

using a PPMS (Quantum Design) along with the ac-measurement system (ACMS) accessory. In general, any 

home-made ac-magnetic system contains sensing coils including excitation coil, pick-up coil and 

compensation coil. First, the excitation coil was excited with a certain frequency of ac signals where the 

pickup coil is used in gradient configuration and the compensation coil is used to recover the balance of the 

pickup coil. By means of a lock-in amplifier the real (Re[𝜒𝐴𝐶]) and imaginary components (Im[𝜒𝐴𝐶]) of ac-

susceptibility can be detected. Figure 2.6 shows a schematic of the detection process of ac-susceptibility.  

 

 

 

 

 

 

Fig. 2.6: Schematic setup of a SQUID-based ac-susceptometer [127]. 
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2.2.2.3 Specific heat: 
 
For selected compounds we performed the temperature dependence of specific heat (Cp(T)) using the PPMS 

(from Quantum Design) with heat capacity accessory in which heat added and removed from a sample by 

monitoring the resulting change in temperature [128]. It is well known that heat capacity C is defined as the 

amount of heat, Q required to effect a corresponding change in temperature T at a constant volume; C = 

dQ/dT. At low temperatures, the heat capacity of material may be written as the sum of electron and phonon 

contribution: C = γT + AT3, where γ and A are the constants and characteristic of the material under 

investigation. The contribution from electronic part is linear with T and is dominant at very low temperature. 

In each measurement cycle, a known amount of heat is supplied to the sample at constant power for a fixed 

time, then this heating period is followed by a cooling period of the same duration. After each cycle, the 

software option fits the temperature response of the sample stage to an appropriate mathematical model. It 

is possible that weak thermal contact between the sample and sample-platform causes thermal relaxation. 

Hence, the model considers the thermal relaxation of the sample stage to the thermal bath and also the 

relaxation between the sample-platform and the sample itself which offers the accurate value of Cp of the 

sample [129]. Figure 2.7 illustrates the schematic of thermal connections to the sample and sample platform 

in PPMS Heat Capacity accessory. A heater and a thermometer are attached at the bottom of the sample 

stage. The sample is attached on the stage by thin layer of Apiezon N Grease which helps to make thermal 

contact between sample and the sample-platform. Highly sensitive wiring system is connected with the 

heater and thermometer to provide electrical and thermal connections. Usually, the additional measurements 

are performed before the Cp(T) measurement of the sample, which consists of measuring the Cp of the sample 

holder. In the additional run, a thin layer of Apiezon N Grease is placed on the sample stage and the 

measurement is taken. After the completion of additional run, the sample is carefully attached with the grease 

without disturbing it. The measurement is performed once more and the correct value of the Cp of the sample 

is determined by subtracting the Cp of the sample holder from the total magnitude. Next section we discuss 

the methodology of Neutron diffraction technique, we have used to investigate the structure and magnetic 

behaviour of some of our complex spinel oxides (i.e. Co2TiO4 and Co2SnO4).  

 

 

 

 

 

Fig. 2.7: Schematic of the specific heat measurement assembly and connections adopted from Quantum 

Design PPMS. 
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2.2.2.4 Neutron diffraction measurements: 
 
For few specific systems we performed low-temperature neutron diffraction experiments at Helmholtz 

Zentrum Berlin (HZB), Germany. These measurements are aimed to probe the site dependent magnetic 

moment, magnetic ground state and detailed crystal structure at various temperatures below the TC/TN. In 

principles the neutron powder diffraction uses similar method as that of XRD where x-rays interact with the 

electron cloud, but neutron scattering occurs at the atom nuclei since the neutrons carry magnetic moment. 

This principle makes neutrons as excellent candidates to probe the magnetic properties of materials. Using 

this method one can accurately determine the magnitude of the magnetic moment. Below we discuss some 

of the basic understanding of neutron scattering. It is well known that the neutrons are uncharged particles, 

hence, it experiences very weak or no Coulombic barrier and penetrate deeply into materials and interact 

directly with the atomic nucleus. On the other hand, Neutron consist quarks and gluons and possesses spin-

1/2 with magnetic moment μn = –1.913 μN, where μN = 
𝑒ℏ

2𝑚𝑝
 is the nuclear magnetic moment. Thus, the 

neutron’s magnetic moment interacts with the unpaired electron spins of magnetic atoms with a comparable 

strength and gives the magnetic structure of the compounds. Furthermore, due to large mass (1.675 x 10−27 

kg) neutron leads to a thermal-neutron de-Broglie wavelength [λ = 
ℎ

𝑚𝑣
] of about 1.8 Å, which is of the order 

of the interatomic distances, generating possible interference patterns which gives the structural information 

about the system. Consequently, neutron diffraction technique is a powerful tool to probe the crystal and 

magnetic structure of crystalline samples under elastic and inelastic scattering conditions [129-131]. For the 

scattering measurements the neutron beam is typically produced using two mechanisms: The first one is 

‘fission process’ in which a steady flux of neutrons is produced inside a nuclear reactor and the second 

mechanism is ‘spallation source’ where neutrons are produced by bombarding heavy metal atoms with 

energetic protons from accelerators [132]. The neutrons generated from the two sources usually possess very 

high energy, thus their energy can be categorized in different ranges; cold neutrons and thermal/hot neutrons 

depending on the temperature/energy range. In the present case we performed the neutron diffraction 

measurements at HZB using the BER II reactor as source along with a fine resolution powder diffractometer 

(E9). We also used the focusing powder diffractometer (E6) with a 2D detector, and a flat-Cone 

diffractometer (E2). A detailed description about all these three diffractometers can be found in [132]. A 

brief theory of neutron scattering and working principle of neutron diffractometer is outlined below. 

 
2.2.2.4.1 Theoretical and experimental background: 
 
      A collimated beam of neutrons are thermally accelerated from the source with initial momentum, ℏki and 

energy, Ei and then they get diffracted from the crystal at an angle θ with final wave vector kf  and energy Ef. 

During the scattering process, the transferred momentum (ℏQ) and energy (ET) to the sample is defined as 

(according to the conservation of total energy and momentum):  

ℏ𝑄 = ℏ𝑘𝑓 − ℏ𝑘𝑖                                                               (2.38) 

where, 𝑄2 = 𝑘𝑓
2 + 𝑘𝑖

2 − 2𝑘𝑖𝑘𝑓𝑐𝑜𝑠 (2𝜃) and ET = Ef  – Ei = 
ℏ2

2𝑚𝑛
 (𝑘𝑓

2 − 𝑘𝑖
2) 
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Figure 2.8 shows the schematic demonstration of the scattering process. For elastic scattering, no energy is 

transferred from the neutron to the sample, therefore ET = 0, |𝑘𝑖|=|𝑘𝑓| and the transferred wave vector is Q 

= 2|𝑘|2sinθ. Whereas, in an inelastic scattering process both energy and momentum are transferred from the 

neutron to the sample, hence ET ≠ 0 and |𝑘𝑖| ≠ |𝑘𝑓|. Consequently, the change in energy is measured during 

the experiment which gives the detailed information about dynamics of the material. Therefore, the number 

of neutrons scattered into solid angle 𝑑Ω per second around Ω(θ, ϕ) with the final energy between Ef to Ef 

+ΔEf is called double differential scattering cross section (
𝑑2𝜎

𝑑Ω𝑑𝐸𝑓
), where 𝜎 represents the flux of scattered 

neutrons. It is the basic quantity measured during a neutron scattering experiment and depends strongly on 

the interaction strength between the neutron and the samples. Hence, the partial differential cross section of 

neutrons scattered by the specimen’s internal potential V is given by the below expression [130]: 

 
𝑑2𝜎

𝑑𝛺𝑑𝐸𝑘𝑖→𝑘𝑓

=
𝑘𝑓

𝑘𝑖
(

𝑚

2𝜋ℏ2
)
2

∑ 𝑝𝜆𝑖
𝑝𝑠𝑖

𝜆𝑖,𝑠𝑖

∑ |⟨𝒌𝑓𝑠𝑓𝜆𝑓|𝑉̂|𝒌𝑖𝑠𝑖𝜆𝑖⟩|
2

𝜆𝑓,𝑠𝑓

𝛿 (𝐸 𝜆𝑖
− 𝐸 𝜆𝑓

+ 𝐸 𝑖 − 𝐸 𝑓)       (2.39) 

 
Here 𝑠𝑖 and 𝑠𝑓 represents the incident and scattered neutron spin states. After the scattering sample state 

changes from 𝜆𝑖 to 𝜆𝑓. 𝑝𝜆, 𝑝𝑠 are statistical weight factors (assuming Boltzmann distribution) for the initial 

states |𝑠𝑖𝜆𝑖⟩ and 𝑉̂ is the operator corresponding to the scattering potential V. Moreover, 𝐸 𝑖 and 𝐸 𝑓 

represents the corresponding energy of the individual states, respectively. During the neutron scattering 

experiment an incident neutron interacts with the ith atomic nuclei positioned at ri through an interaction 

potential which can be described by a Fermi pseudo potential function as below [130]:  

 

𝑉𝑁(𝑟) =
2𝜋ℏ2

𝑚𝑛
∑𝑏𝑖𝛿(𝑟 − 𝑟𝑖)

𝑖

                                                             (2.40) 

 
In the above equation, 𝑏𝑖 represents the scattering lengths of each atomic nucleus. The nuclear force is strong 

within the short-range limit and spherically symmetric and the potential is defined by the delta function. 

Summing over all the nuclei and using the above potential function the total scattering cross section can be 

calculated [133]. When an un-polarized neutron source falls on the materials the partial differential cross-

section can be written as a sum of coherent and incoherent term: 

 
𝑑2𝜎

𝑑Ω𝑑𝐸𝑓
=

𝑑2𝜎𝑐𝑜ℎ

𝑑Ω𝑑𝐸𝑓
+

𝑑2𝜎𝑖𝑛𝑐𝑜ℎ

𝑑Ω𝑑𝐸𝑓
 =    

𝑘𝑓

𝑘𝑖
(𝑆𝑐𝑜ℎ(𝑸,𝜔) + 𝑆𝑖𝑛𝑐𝑜ℎ(𝑸,𝜔))                        (2.41) 

 
where 𝑆𝑐𝑜ℎ(𝑸,𝜔) and 𝑆𝑖𝑛𝑐(𝑸,𝜔) are the dynamic correlation functions and are represented as: 

  

𝑆𝑐𝑜ℎ(𝑸,𝜔) =
1

2𝜋ℏN
∑𝑏𝑙𝑏𝑙′ ∫ 〈𝑒−𝑖𝑸.𝒓

𝑙′
(0) 𝑒𝑖𝑸.𝒓𝑙(𝑡)〉𝑒−𝑖𝜔𝑡

∞

−∞
𝑙𝑙′

𝑑𝑡                        (2.42)  

𝑆𝑖𝑛𝑐(𝑸,𝜔) =
1

2𝜋ℏN
∑𝑏𝑙 ∫ 〈𝑒−𝑖𝑸.𝒓𝑙(0) 𝑒𝑖𝑸.𝒓𝑙(𝑡)〉𝑒−𝑖𝜔𝑡

∞

−∞𝑙

𝑑𝑡                            (2.43) 

 

Here, 〈𝑒−𝑖𝑸.𝑟
𝑙′
(0) 𝑒𝑖𝑸.𝑟𝑙(𝑡)〉 term signifies the correlation between the position of one nucleus at time t = 0 

with another nucleus at a later time t.  
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 Thus, 𝑆(𝑸,𝜔) provides the microscopic properties of sample by measuring the strength of the 

correlations collectively. The 𝑆𝑐𝑜ℎ(𝑸,𝜔) arises from the coherent interference between the same nucleus at 

different times along with the interference from different nuclei at different times. Consequently, the 

coherent scattering provides information about the crystal structure and lattice excitations. On the other hand, 

incoherent scattering arises only from interference effects of the same nucleus at different times. It is 

proportional to the variance in the neutron scattering lengths and causes an isotropic background in the 

intensity of scattered neutron. For a crystalline sample the major contribution comes from coherent nuclear 

scattering due to the elastic scattering from the periodic atomic planes which produces peaks in the scattered 

pattern. These peaks satisfy the Bragg condition and known as Bragg peaks. The scattering cross-section for 

nuclear elastic scattering is [134]: 

 

(
𝑑2𝜎

𝑑Ω𝑑𝐸𝑓
)

𝑛𝑢𝑐.  𝑒𝑙𝑎𝑠𝑡.

= 𝛿(ℏ𝜔)
𝑑𝜎𝑁

𝑑Ω
(𝑄) =

𝑁(2𝜋)3

𝑉0
 |𝐹𝑁(𝑸)|2𝛿(𝑄 − τ)𝛿(ℏ𝜔)               (2.44) 

 
where 𝐹𝑁(𝑸) is called the nuclear scattering factor which gives the results for all nuclei present within one-

unit cell. In Eq. (2.44), τ is the crystal reciprocal lattice vector and 𝛿(𝑄 − τ) reflects the periodicity of the 

crystal lattice and 𝑁 is the number of unit cells included in the volume 𝑉0. On the other hand, magnetic 

scattering arises from the interaction of the magnetic moment of the neutron with magnetic fields of the spin 

and orbital momentum of the unpaired electrons. The neutron magnetic moment 𝜇𝑛 = −𝛾𝑆𝜇𝑁 , where 𝛾 is 

the gyromagnetic ratio, 𝑆 is the Pauli spin operator and  𝜇𝑁 is the nuclear magneton. Due to the unpaired 

electrons of the magnetic ions the local magnetic flux density (B) can be created which is related to the 

interaction potential (𝑉𝑀) for magnetic scattering as: 𝑉𝑀(r) =  −𝜇𝑛. B(r). Using Maxwell's equations, the 

Fourier transformed interaction potential can be expressed as: 𝑉𝑀(𝑸) =  −  𝜇𝑛.  𝜇0𝑀⊥(𝑸). Where, 𝑀⊥(𝑸) 

is the component of the magnetization perpendicular to the scattering vector Q. Like the nuclear Bragg peaks, 

magnetic Bragg peaks originates from the scattering of neutrons from the magnetic lattice when the 

scattering vector Q coincides with the reciprocal magnetic lattice vector. Consequently, the magnetic 

scattering differential cross-section for the compound can be obtained by plugging the magnetic interaction 

potential 𝑉𝑀(𝑸) into the equation and the final expression can be written as below [131]: 

 

(
𝑑2𝜎

𝑑Ω𝑑𝐸𝑓
)

nuc.  elast

= 𝛿(ℏ𝜔)
𝑑𝜎𝑀

𝑑Ω
(𝑸)                                                                                                          (2.45) 

                               =
𝑁𝑚(2𝜋)3

𝑉0𝑚
(
𝛾𝑟0
2

 )
2

∑〈(𝛿𝛼,𝛽 − 𝑸̂𝛼𝑸̂𝛽)𝐹𝛼(𝑸)𝐹𝛽∗(𝑸)〉

𝛼𝛽

× 𝛿(𝑄 − 𝜏𝑚)𝛿(ℏ𝜔) 

 

In the above expression the parameter b𝑚 is the reciprocal magnetic lattice vector and the sum over 𝛼, 𝛽 = 

x; y; z. 〈…… . 〉 represents the average value for all the magnetic domains in the lattice, and 𝐹𝛼 is called the 

magnetic structure factor which is expressed as: 

𝐹𝛼(𝑄 = 𝜏𝑚) =  ∑𝜇𝑖
𝛼𝑓𝑖(𝑸) exp(𝑖𝑸. 𝑟𝑖)

𝑖

exp(𝑊𝑖(𝑸, 𝑇))                            (2.46) 
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Here 𝜇𝑖
𝛼 is the 𝛼th component of the magnetic moment of the ith ion, 𝑟𝑖 is the corresponding position within 

the magnetic unit-cell. The exponential term exp(𝑊𝑖(𝑸, 𝑇)) represents the Debye-Waller factor and 𝑓𝑖(𝑸) =

 ∫ 𝑠𝑎(𝑟)𝑒
𝑖𝑸.𝑟𝑑𝑟 is the magnetic form factor. The parameter 𝑠𝑎 is the normalized density of the unpaired 

electrons of ion 𝑎. The form factor originates due to the finite spatial extent of the unpaired electron cloud 

which cannot be expressed by a δ-function contrary to the case of nuclear scattering. Since the magnitude of  

𝑓(𝑸) decreases rapidly with Q, the range of magnetic scattering is limited and it can be observed in the low-

Q region only.  

       
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Illustration of neutron scattering wave fronts from an atom: (a) ki (kf) and λi (λf) represents the 

initial (final) wave-vector and wavelength describing a neutron scattering from a single nucleus with 

positive scattering length. (b) The geometry of a scattering experiment where the incident neutrons with ki 

are scattered in the direction θ and ϕ with final wave-vector kf. 

TH-2770_166121011



48 
 

 

TH-2770_166121011



49 
 

Chapter 3 

Electronic structure and magnetic ordering in diluted cobaltites   
 
 

This chapter deals with a comprehensive study on the electronic and magnetic structure obtained from the first-

principles DFT+U calculations along with the experimental results on few spinel cobaltites. Here we focused 

our studies mainly on the role of site-specific dilution on the structural, magnetic, electronic, and optical 

properties of antiferromagnetic Co3O4. A systematic correlation between the theoretical and experimental results 

has been established. First, we provide a brief introduction to the systems under investigation and outline the 

details of theoretical and experimental methods in line with the previous chapter. Next, we provide a detailed 

description on the analysis of the results followed by the summary of important findings.  

 

3.1   Outline and background: 
 

The main objective of the research work presented in this chapter is to study the role of magnetic dilution on 

the AFM ordering of spinel Co3O4 (= (Co2+)A[Co3+]BO4). According to the theory proposed by Néel, the dominant 

magnetic exchange interaction (JAB) between ions in the A (tetrahedral) and B (octahedral) sites in any AFM/FiM 

spinel system is negative [88,135-142]. As compared to the JAB the other interactions such as A-A and B-B are 

weak but negative following the general trend JAA < JBB< JAB. However, the JAA interaction in Co3O4 is 

surprisingly large in which the spins of divalent Co orders antiferromagnetically ((↓µ(Co2+)A+↑µ(Co2+)A)) with 

spins on A sites are bounded by four nearest neighbors with opposite spins below 30 K (Néel temperature TN) 

[140,143-145]. Interestingly, such long-range ordering can be systematically tailored by site specific substitution 

of any non-magnetic/magnetic elements (Ge, Al, Ti, Ru, or Sn) in Co3O4 matrix. As a consequence of 

substitution, significant imbalance in the moments on A and B sites result in ferrimagnetic or reentrant spin-

glass behavior along with substantial change in cationic distribution resulting to slight tetragonal distortion with 

inverted spinel configuration (e.g. cobalt orthotitanate/stannate (Co2Ti/SnO4)) [21,23,146-148].  

Our main focus here is to probe the low-temperature magnetic ordering in the such diluted spinels (Co2TiO4, 

Co2SnO4, Co2RuO4, Co2AlO4, and Co2GeO4). Although there are several experimental studies focused on this 

aspect, a detailed theoretical study dedicated to the role of dilution was lacking in the literature when we initiated 

our study. In particular, coexistence of different spin-arrangements along the longitudinal (FiM) and transverse 

(spin-glass) directions leading to some exotic properties such as bipolar exchange-bias (HEB ~ -20 KOe at 10 K) 

and spin-liquid state (< 20K) are the motivating aspects of the current study [21,43]. Significant developments 

in the characterization techniques and availability of rich experimental conditions led to reinvestigate the 

magnetic structure of these compounds with high precession in last ten years [21-24,43,143,144,149]. 

Especially, the competing local inter-sublattice interactions yield FiM state with TN ~ 41 K, 47.8 K and 16 K 

and spin-glass freezing temperature TF ~ 39 K, 32 K and 16 K for Co2SnO4, Co2TiO4 and Co2RuO4, respectively 

[21-24,43]. At a first glance both the systems Co2SnO4 and Co2TiO4 look undistinguishable (lattice parameter 
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𝑎𝐶𝑜2𝑆𝑛𝑂4 = 8.66 Å, > 𝑎𝐶𝑜2𝑇𝑖𝑂4= 8.45 Å), but their magnetic structure is markedly different due to the different 

temperature dependence of magnetic ions and the imbalance in the Co2+ spins at tetrahedral (𝜇(A) = 

3.87𝜇𝐵−𝐶𝑜2𝑆𝑛𝑂4 and 3.87𝜇𝐵−𝐶𝑜2𝑇𝑖𝑂4) and octahedral sites (𝜇(B) = 4.16𝜇𝐵−𝐶𝑜2𝑆𝑛𝑂4 and 5.19𝜇𝐵−𝐶𝑜2𝑇𝑖𝑂4). 

Interestingly, the inverted spinel Co2TiO4 exhibits distinct FiM magnetic ordering and electronic structure below 

TN as compared to the Co2SnO4 which results: (a) compensation effect at TCOMP (~32 K) where the bulk-

magnetization of two sub-lattices balance each other, (b) dissimilar electronic structure (Co2+)[Co3+Ti3+]O4 as 

compared to the  (Co2+)[Co2+Sn4+]O4, (c) dominance of negative magnetization at low-temperatures [22,24,43]. 

On the other hand, a detailed first principles based ab initio study on these spinels is very much needed to 

understand the electronic and magnetic structure. Previous studies by Walsh et al. reported a direct gap of Co3O4 

of 1.67 eV and 1.23 eV at Γ and X high symmetry points of Brillouin zone, respectively using the DFT + U 

calculations [145]. However, considering U = 4.4 eV for Co2+ ions and 6.7 eV for Co3+ ions, Chen et al. showed 

a minimum energy band gap of 1.96 eV at X point with an AFM configuration of spins at A-sites for PBE and 

FM configuration for PBE+U [150]. Using hybrid functionals, Lima reported energy band gap (EG) values 

between 0.35 eV and 2.58 eV at the X high symmetry point of the Brillioun zone [151]. In another work, Lima 

demonstrated that the AFM configuration is energetically more favorable than the FM configuration of Co3O4 

and reported the EG ~ 1.60 eV and 2.04 eV for U = 3.0 and 4.4, respectively [152]. Selcuk et al. calculated the 

EG of Co3O4 at 0.24 eV, 1.13 eV, and 1.80 eV for U = 0.0, 3.0 and 5.9, respectively [153]. By means of PBE+U 

(with U = 2.0), Xu et al. reported the locations of the electronic transitions within the band gap of Co3O4 at (i) 

2.2 eV due to O(2p) → Co2+(t2g), (ii) 2.9 eV due to O(2p) → Co3+(eg), and (iii) 3.3 eV due to Co3+(t2g) → Co2+(t2g) 

[154]. A comprehensive theoretical study based on DFT+U as summarized above in the investigated system is 

missing in the literature, hence the present work fills the gap in the literature. Therefore, we report the electronic 

and magnetic structure of Co3O4 for different value of U with a special emphasis on the magnetic dilution with 

elements such as Ge, Ti, Ru, and Sn at the Co tetra/octahedral sites along with the experimental results. 

The arrangement of the subsections are as follows, first we compare the structural properties predicted from 

ab initio calculations with the experimental investigations and provide the details of electronic structure analysis 

followed by the magnetic and optical properties of both pristine and diluted systems. In the final section we 

present the salient findings of the results.     

 

3.2   Computational methods and experimental details: 

  
We have employed the density functional theory (DFT) based calculations to probe the electronic structure 

and magnetic properties of the spinel cobaltites using VASP as discussed in Chapter 2. The simulations were 

performed on 8×8×8 k-grid points. Periodic boundary conditions are employed in all directions. A plane wave 

basis set with an upper threshold value 500 eV was employed to perform the integration in Brillouin zone. 

Periodic boundary conditions are employed in all directions. The Kohn-Sham equations are solved self-

consistently using the projector augmented wave (PAW) basis set (see section 2.1.6 for details). A plane-wave 
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basis set with an upper threshold value of 500 eV is employed. The exchange correlation part of the Hamiltonian 

is treated with the Perdew-Burke-Ernzerhof (PBE) GGA functional (see section 2.1.3.2). The details of this are 

given in Chapter 2. To begin the calculations, we first took two formula units of the spinel primitive cell and 

optimized the structure by relaxing the internal positions, followed by relaxation of volume and shape using self-

consistent DFT approach. Subsequently the relaxed configuration is used to obtain the required density of states 

(DOS) and electronic band structure. In this study we considered strong on-site coulomb interactions and are 

treated using DFT+U formulism within the Dudarev’s approach (see section 2.1.4). The coupling is represented 

through an effective parameter Ueff = U - J, where U is the strength of the Coulomb interaction and J is the 

Hund’s coupling constant. For all the calculations, J is considered to be 0 eV. The coulomb parameter U is 

considered in the range 2 - 6 for both octahedral and tetrahedral sites of Co. The electronic self-consistency is 

continued until the energy convergence is of the order of 10-7 eV. Structural relaxations are performed until 

residual forces on each atom converge to less than 10-4 eV/Å.  

On the other hand, the experimental details consist of both synthesis and characterization details which 

are elucidated in Chapter 2. Nevertheless, here we provide some more details in brief. In case of Co2SnO4 system 

we used slightly higher heat treatment conditions (sintered at 1350ºC for 12 h in air) to avoid the formation of 

SnO2. The phase purity and crystal structure information were examined by Rigaku (TTRAX III) X-ray 

diffractometer with Cu-Kα source radiation of wavelength λ = 1.5406 Å. Diffraction patterns of all the systems 

are refined with the Fullprof-Rietveld-Refinement suite [155]. Magnetic measurements at various temperatures 

between 2 K and 330 K were performed using a superconducting quantum interference device (SQUID) based 

magnetometer MPMS XL from Quantum design. In the below section we present both the theoretical and 

experimental results on various spinal oxides.    

 

3.3   Results and discussion: 

 
As stated in the above section, to study the effect of strong on-site coulomb interaction on the crystal structure, 

electronic, and magnetic properties, we vary U for the Co-ion from U = 2 - 6, while keeping the U fixed for the 

dopants. The interaction between crystal-field and the valence electron of the ions plays important role in 

deciding the magnetic, electronic and optical behavior of these spinels. In Fig. 3.1 we show a schematic diagram 

of energy levels splitting in the presence of crystal-field. The occupations of the valence d orbital electrons of 

Co and Ru for both tetrahedral and octahedral sites are also shown explicitly. In Co3O4, Co2+ ion occupies the 

tetrahedral site, having high spin state, whereas, Co3+ occupies the octahedral site with a low spin state. However, 

the inverse spinels Co2TiO4 and Co2SnO4 display different electronic configuration: Co2+ ions occupy both the 

tetrahedral and octahedral sites and remaining half of the octahedral site are filled by the non-magnetic ions, 

whereas, in case of Co2RuO4, the tetrahedral sites are occupied by the divalent Co and the octahedral sites are 

equally shared by Co3+ and Ru3+. Interestingly, when Co3O4 is diluted with Ge the system retains the normal 

spinel structure where Ge4+ occupies the tetrahedral site and both the Co2+ are favorable to the octahedral sites.  
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Fig. 3.1: A schematic diagram of the 

electronic band splitting on the tetrahedral 

(left) and octahedral (right) sites of Co and 

Ru 3d electron in Co3O4 and Co2ƩO4 (Ʃ ≡ 

Al, Ti, Ru, Sn). 

 

Fig. 3.2: XRD pattern together with the Rietveld refinement data of various Co-spinels: (a) Co3O4, (b) 

Co2GeO4, (c) Co2AlO4, (d) Co2TiO4, (e) Co2RuO4, and (f) Co2SnO4. The red hollow symbols represent the 

experimental data and black solid continuous line is for the data obtained using Rietveld refinement. The 

blue lines at the bottom represent difference pattern observed from experiment and refinement data. 
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3.3.1 Structural properties: 

 
 We first discuss the results obtained from the X-ray powder diffraction (XRD) method which is used to 

probe the information on crystal structure. Figure 3.2 shows the XRD pattern together with the Miller Indices of 

planes of different compounds along with the Rietveld refinement data performed using Fullprof-Rietveld-

Refinement-Suite. This analysis reveals that except the pristine compound Co3O4 and Co2GeO4 (which belongs 

to normal spinel) all the remaining compounds belongs to the family of inverse spinel crystal structure with 

space group Fd-3m (227). In order to probe the minute changes occurring in the crystal structure due to the 

dilution of different non-magnetic elements in Co3O4 we have evaluated the average bond-angle (ӨA-O-B) and 

bond-lengths (lB-O). For Co3O4, the lattice parameters obtained from the X-ray diffraction is of the order a = 8.08 

± 0.02 Å, however, for all the inverse spinels Co2AlO4, Co2TiO4¸ Co2RuO4¸ and Co2SnO4 we obtained a = 8.09 

± 0.03 Å, 8.45 ± 0.01 Å, 8.29 ± 0.01 Å, and 8.66 ± 0.02 Å, respectively. These diffraction patterns confirm the 

mono-phase nature of the samples prepared from the solid-state reaction method. 

  In Table 3.1 we list the DFT+U calculated lattice parameters and the oxygen parameters for the parent spinel 

Co3O4 as well as the diluted spinels after incorporating the non-magnetic elements at the octahedral sites. For 

all the compounds we observe that the lattice parameter (a) gradually increases with increase of UCo (for the 

pristine compound Co3O4, a change from 8.11 Å to 8.14 Å when UCo increases from 2 to 6). These values are in 

good agreement with the previously reported experimentally observed data [143-145]. For the case of Co2SnO4 

we observed the larger unit-cell volume (VUC ~ 679.1 Å3 for UCo =2 and 683.8 Å3 for UCo = 6) owing to the fact 

that Sn4+ has bigger ionic radius (0.69 Å). However, for Co2RuO4 (with Ru+3 ionic radius 0.68 Å) a large increase 

in VUC (ΔVUC/VUC ~ 9.6%) was noticed as UCo increases from 2 to 6. Whereas, no significant change in VUC was 

observed for the Co2TiO4 (with Ti4+ (0.61 Å)), Co2AlO4 (with Al3+ (0.54 Å)) and Co2GeO4 (with Ge4+ (0.39 Å)). 

Our results are in good agreement with the numerical work carried out by Walsh et al. [145]. These authors 

reported the lattice constants 8.11 Å and 8.16 Å respectively, for normal Co3O4 and inverse Co2AlO4 spinel. 

These observations are consistent with our results (𝑎𝐶𝑜3𝑂4  = 8.11Å and 𝑎𝐶𝑜2𝐴𝑙𝑂4 = 8.13Å). On the other hand,  

 

Composition Lattice parameter (Å) Oxygen Parameter 

Coulomb interaction U (eV) Expt. U = 2.0 eV 

2.0 3.0 4.0 5.0 6.0 ux uy uz 

Co3O4 8.11 8.12 8.14 8.14 8.14 8.08 0.2634 0.2634 0.2634 

Co2GeO4 8.42 8.42 8.42 8.43 8.43 8.33 0.2514 0.2514 0.2481 

Co2AlO4 8.13 8.14 8.15 8.16 8.17 8.09 0.2654 0.2654 0.2602 

Co2TiO4 8.53 8.55 8.56 8.57 8.57 8.45 0.2692 0.2692 0.2692 

Co2RuO4 8.30 8.33 8.35 8.35 8.56 8.29 0.2558 0.2558 0.2749 

Co2SnO4 8.79 8.80 8.80 8.81 8.81 8.66 0.2639 0.2639 0.2538 
 

Table 3.1: Calculated lattice constants (Å) and oxygen parameters [uuu] of cobalt oxides (Co3O4) and cobalt 

based spinels [Co2ΣO4 (Σ ≡ Al, Ti, Ru, Sn, Ge)] for different values of U for cobalt and U = 2 for Ti and Ru. 

U = 0 was considered for Al, Sn, and Ge. 

 

TH-2770_166121011



 

 

 

 

Composition lA-O (Å) lB-O (Å) lA-B (Å) lB-B (Å) ΘO-A-O (o) ΘO-B-O (o) ΘA-O-B (o) 

Co3O4 

(Co2+)[Co3+Co3+]O4 

1.95 

[1.94] 

1.93 

[1.92] 

3.36 2.87 109.5 

[109.5] 

83.3 

[83.3] 

120.7 

[120.6] 

Co2GeO4 

(Ge4+)[Co2+Co2+]O4 

1.83 

[1.98] 

2.08, 2.11 (Co-O) 

[1.99] 

3.51 (Ge-Co) 2.98 109.2 89.5, 90.5 (Co-O-Co) 125.2 (Ge-O-Co) 

[121.1] 

Co2AlO4 

 

(Co2+)[Al3+Co3+]O4 

1.95 

 

[1.93] 

1.93 

 

[1.93] 

3.37 (Co-Al) 

3.37 (Co-Co) 

2.88 

2.88 

109.4 

 

[109.5] 

84.0, 95.8 (O-Al-O) 

82.5, 97.5 (O-Co-O) 

[84.8] 

119.9 (Co-O-Co) 

121.4 (Co-O-Al) 

[118.3] 

Co2TiO4 

 

(Co2+)[Ti4+Co2+]O4 

1.97 

 

[1.98] 

1.99, 2.02 (Ti-O) 

2.07, 2.16 (Co-O) 

[2.03] 

3.53 (Co-Ti) 

3.50 (Co-Co) 

3.01 109.8 

108.5 

88.5, 91.5 (O-Ti-O) 

82.7, 97.3 (O-Co-O) 

122.1 (Co-O-Ti) 

121.1 (Co-O-Co) 

[121.7] 

Co2RuO4 

 

(Co2+)[Ru3+Co3+]O4 

1.98 

 

[1.98] 

2.04, 2.06 (Ru-O) 

1.95, 1.97 (Co-O) 

[1.98] 

3.46 (Co-Ru) 

3.42 (Co-Co) 

2.95 111.3 

 

[114.3] 

86.5, 93.5 (O-Co-O) 

82.4, 97.6 (O-Ru-O) 

[85.2] 

121.8 (Co-O-Co) 

118.7 (Co-O-Ru) 

[123.9] 

Co2SnO4 

 

(Co2+)[Sn4+Co2+]O4 

2.03 

 

[1.88] 

2.10, 2.18 (Co-O) 

2.11, 2.08 (Sn-O) 

[2.16] 

3.62 (Co-Sn) 

3.62 (Co-Co) 

3.09 109.6 

 

[114.3] 

85.1, 94.9 (O-Co-O) 

92.9, 87.1 (O-Sn-O) 

[85.2] 

123.4 (Co-O-Co) 

121.4 (Co-O-Sn) 

[125.0] 

Table 3.2: The equilibrium bond lengths and bond angles for Co3O4 and Co2ΣO4 (Σ = Ge, Al, Ti, Ru, Sn) obtained from DFT+U calculations using U = 2 

eV are presented. Experimental values obtained from the x-ray diffraction measurements are given in square brackets. In the diluted Co2ΣO4 spinels, we 

noticed a Jahn-Teller type distortion at the octahedral sites. Bond lengths (lB-O) and bond angles (ΘO-B-O) at B site are given for each asymmetric octahedral 

configuration. All lengths are in Å units and angles are in degrees. 
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we have evaluated the equilibrium bond-lengths as: (i) Cotet-O = 1.95Å and (ii) Cooct-O =1.93Å for Co3O4, and 

Cotet-O = 2.03 Å and Cooct-OAVG =2.14 Å for inverse spinel Co2SnO4. Table 3.2 summarizes all the structural 

parameters including the bond-lengths and bond-angles for different normal and inverse spinels. These values 

are in good agreement with the previously reported numerical and experimental observations [21-24,43,145]. 

Note that the bond angle (θO-A-O) exhibits some deviation from the ideal value (109.5o) although the compound 

retains the global symmetry. This may be attributed to the local distortion arising from the imbalanced electronic 

configuration of dopant [141, 156]. Figure 3.3 shows the variation of ΘA-O-B and lB-O as a function of ionic radius 

(r) of different elements. The red colored solid spheres represent the experimental data whereas the square 

symbols represent numerically calculated values. ΘA-O-B values increase progressively with increasing r. Up to 

r = 0.61 Å the experimental data of ΘA-O-B agrees quite well with DFT results, but for r ≥ 0.68 Å a systematic 

deviation was observed ((ΘA-O-B)AVG ~ 120.3º for rRu = 0.68 Å and (ΘA-O-B)AVG ~ 122.4º  for rSn = 0.69 Å). 

However, this variation is within 3%, which can be ascribed to the limitations of the generalized gradient PBE 

approximations. The variation of average bond-lengths lB-O increases with increasing r (lB-O =2.06 Å for rTi = 

0.61 Å and lB-O =2.12 Å for rSn = 0.69 Å). Figure 3.4 shows the deviation in bond-angle, ∆Θ = 

(Θ𝐴−𝑂−𝐵𝐶𝑜2𝛴𝑂4
− Θ𝐴−𝑂−𝐵𝐶𝑜3𝑂4

) Θ𝐴−𝑂−𝐵𝐶𝑜3𝑂4  ⁄  and bond-length, ∆𝑙 = (𝑙𝐵−𝑂𝐶𝑜2𝛴𝑂4
− 𝑙𝐵−𝑂𝐶𝑜3𝑂4

) 𝑙𝐵−𝑂𝐶𝑜3𝑂4
⁄   of 

Co2ΣO4 (Σ = Ge, Al, Ti, Ru, and Sn) from the pristine compound Co3O4. For Co2TiO4, the experimental data are 

in good agreement with the theoretical results (∆Θ ~ 1.16). However, with the increasing size of dopants (r ≥ 

0.68 Å) significant variation was noticed in the experimental (ΔΘA-O-B = 2.74 for rRu = 0.68 Å and ΘA-O-B = 3.65 

for rSn = 0.69 Å) and theoretical (ΔΘA-O-B = 0.37 for rRu = 0.68 Å and ΘA-O-B = 1.27 for rSn = 0.69 Å) results. On 
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Fig. 3.3: Variations of (a) Bond angle (ΘA-O-B) and 

(b) Bond length (lB-O) with the ionic radius of the 

dilutants. Red solid spheres represent the 

experimental data whereas the blue squares 

represent the theoretical predictions for U = 2. 

Fig. 3.4: Deviation of (a) Bond angle (∆ΘA-O-B) and 

(b) Bond length (∆lB-O) of different compound 

Co2ƩO4 (Ʃ ≡ Ge, Al, Ti, Ru, Sn) compared to pristine 

compound Co3O4. Red solid spheres represent the 

experimental data whereas the blue squares represent 

the theoretical predictions for U = 2. 
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the other hand, deviations in ∆𝑙 match quite well for all the compounds except for the inverse spinel Co2TiO4 in 

which a small deviation is observed between the theoretical and experimental values. Such tiny deviations in the 

structure leads to minor tetragonality at low temperatures in the single crystals of Co2TiO4 will be discussed 

using neutron diffraction data Chapter 5 in detail.  We expect that such deviation plays a significant role on the 

magnetic exchange interactions and electronic properties of the material. In the following section we present the 

electronic structure obtained from our DFT+U calculations. 

 

3.3.2 Electronic density of states: 

 
In Fig. 3.5 we show the density of states for Co3O4, Co2GeO4, Co2AlO4, Co2TiO4, Co2RuO4, and Co2SnO4 

for the AFM configuration with U = 2. For tetrahedral Co in Co3O4, a splitting in the minority spins of t2g and eg 

states is observed at E = 2 eV and -1.3 eV, respectively (Fig. 3.5(a)). The 𝑒𝑔
↓ (down-spin) states (minority spins) 

appear to be localized around the valence band (E = -0.8 eV), while the 𝑡2𝑔
↓  states are situated far away from the 

Fermi level in the conduction band at E ~ 2.5 eV. The up-spin states majority spins of 𝑡2𝑔
↑

 and 𝑒𝑔
↑ remain isolated 

and appear distinctly at the energies E = -2.5 eV (Fig. 3.5(a)). However, for octahedrally coordinated Co, we 

obtain a low spin state (S = 0), which is quite evident from the equal contributions of the majority and minority 

spin states near Fermi-level. For Co2GeO4, we find that the 𝑒𝑔
↑ and 𝑒𝑔 

↓ states of the tetrahedral Co exhibit peaks 

around -1.39 eV and -2.62 eV, respectively. On one hand, 𝑡2𝑔
↑  states are localized around top of the valence band 

maximum (~ -0.88 eV) and the conduction band minimum (~ 1.02 eV). Interestingly, both octahedral Co ions 

compensate each other’s contribution and exhibit stable AFM configuration in Co2GeO4. The contribution from 

Ge is quite negligible in the total density of states near the Fermi-level. The electronic states of Co2AlO4 appear 

same as those of Co3O4 (See Fig. 3.5(c)). The 𝑡2𝑔
↓↑  states of tetrahedral Co occupy the energy state of -2.4 eV and 

2 eV, whereas the octahedrally coordinated Co are localized at the top of the valence band (E ~ -0.4 eV).  

 As we look at these details meticulously regarding the role of dilution on the density of electronic states on 

Co3O4, several interesting observations emerge. For example, in the inverse spinel Co2TiO4, the energy gap 

appears at 0.57 eV. The 𝑡2𝑔
↑

 states are localized away from the Fermi level around energy ~ -2.1 eV, whereas the 

𝑡2𝑔
↓  states are located around 1.8 eV. For the octahedrally coordinated Co, 𝑒𝑔

↑ and 𝑒𝑔
↓  states are localized with 

the energies E ~ 2.66 eV and -1.90 eV respectively, with negligible contribution and for 𝑡2𝑔
↓↑  states, these are 

centered at ~-0.9 eV (𝑡2𝑔
↑ ) and –2.3 eV (𝑡2𝑔

↓ ). Here our results indicate that t2g states (~ 1.73 eV) of octahedrally 

coordinated Ti contribute quite significantly to the conduction band. While the eg states appear to delocalize 

between -2 eV and -6 eV. Interestingly, Ru and Sn dilution result in the localization energy at -2.9 eV and -2.1 

eV, respectively as compared to -2.1 eV observed in Co2TiO4. Thus, the energy gap decreases to 0.46 eV for 

Co2RuO4 as compared to the pristine compound and is minimum among all the spinels. This may be the reason 

why Co2RuO4 exhibits drastic reduction in long-range magnetic ordering (~16 K) as compared to 47.8 K for  
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Co2TiO4 and 30 K for Co3O4 [21,22,43,143,144]. We will discuss the magnetic properties of Co2RuO4 precisely 

in the next chapter using both ac- and dc-magnetic susceptibility. As we see the detailed electronic structure we 

found that 𝑡2𝑔
↑  and 𝑒𝑔

↑ states of tetrahedrally coordinated Co are localized around -2.9 eV, whereas, the down-

spin states of 𝑡2𝑔
↓  appear to be completely delocalized from the minimum of the conduction band (exhibiting a 

peak around the energy 1.3 eV as shown in Fig. 3.5(e)). For the octahedrally coordinated Co, the majority and 

minority spins of t2g states are more symmetric as compared to the eg states which lead to the low spin state. On 

the other hand, the t2g states of the octahedrally coordinated Ru appear to localize at the vicinity of the valence 

band maximum (~ -0.8 eV), and the corresponding eg states are located quite far-away from the Fermi level (~ 

3.2 eV).        

Fig. 3.5(f) shows the contribution of electronics states across the Fermi level for Co2SnO4 indicating the 

narrow down of the overall energy gap (≥ 0.7 eV) as compared to the pristine compound Co3O4. As far as the 

electronic state contributions are concerned at the octahedral and tetrahedral sites we found that in 𝑡2𝑔
↓  and 𝑒𝑔

↑ 

states split around 1.7 eV and -2.5 eV, respectively for Co atoms located at the tetrahedral sites. A detailed  

 

Fig. 3.5: Total and atom-projected electronic density of states calculated using U=2: (a) Co3O4, (b) Co2GeO4, 

(c) Co2AlO4, (d) Co2TiO4, (e) Co2RuO4, and (f) Co2SnO4. The total density of states is represented using the 

yellow shade. The blue and red lines represent respectively the density of states related to the Co present in 

the tetrahedral and octahedral sites. The color codes represent: solid black lines (Ti), magenta (Ru), brown 

(Sn). The solid violet line in (b) represents contribution from the other octahedral Co of Co2GeO4. Dotted 

vertical line at E = 0 depicts the Fermi-level. The partial density of states of Sn and Ge are not visible due 

to their small magnitude intensity. 
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interpretation of this result provides the evidence that the 𝑡2𝑔
↑  states are localized at -2.1 eV, whereas the 𝑒𝑔

↑ and 

𝑒𝑔
↓ states are localized at -2.5 eV and -1.0 eV, respectively. Nevertheless, the octahedral coordinated Co-ion does 

 

 

System 

 

Ion 

Tetrahedral site (in eV units)  

Ion 

Octahedral site (in eV units) 

∆𝐸𝑋

𝑒𝑔
 ∆𝐸𝑋

𝑡2𝑔
 ∆𝐶𝐹

↓  ∆𝐶𝐹
↑  ∆𝐸𝑋

𝑒𝑔
 ∆𝐸𝑋

𝑡2𝑔
 ∆𝐶𝐹

↓  ∆𝐶𝐹
↑  

Co3O4 Co2+ 1.8 5.2 3.3 0.1 Co3+ 0.0 0.0 2.5 2.5 

Co2GeO4 Ge4+ - - - - Co2+ 

Co2+ 

3.8 

3.6 

1.7 

1.8 

1.2 

1.5 

3.3 

3.8 

Co2AlO4 Co2+ 1.3 4.9 3.2 0.4 Co3+ 0.0 0.0 1.8 1.8 

Co2TiO4 Co2+ 1.5 3.9 2.8 0.4 Co2+ 

Ti4+ 

4.6 

0.9 

1.5 

0.1 

0.5 

6.4 

3.6 

7.3 

Co2RuO4 Co2+ 1.7 4.2 2.6 0.1 Co3+ 

Ru3+ 

0.5 

0.2 

0.1 

0.0 

2.3 

3.9 

2.9 

4.1 

Co2SnO4 Co2+ 1.6 3.6 2.5 0.5 Co2+ 4.4 1.7 0.6 3.2 

Fig. 3.6: Atom-projected electronic density of states calculated using U=2: (a) Co3O4, (b) Co2GeO4, (c) 

Co2AlO4, (d) Co2TiO4, (e) Co2RuO4, and (f) Co2SnO4. For tetrahedral Co, the black and red dotted lines 

represent the density of t2g and eg states, respectively. For octahedral Co, the blue and orange solid lines 

represent the density of t2g and eg states, respectively. In case of Co2GeO4, the density of t2g and eg states of 

second octahedral Co is denoted by solid green and violet line, respectively. The solid magenta line represents 

the density of states of dilutants Ʃ ≡ Ge, Ti, Ru and Sn. Dotted vertical line at E = 0 depicts the Fermi-level. 

The partial density of states of Sn and Ge are not visible due to their lower intensity. 

 Table 3.3: Exchange splitting (∆EX) and crystal field splitting (∆CF) for Co3O4 and Co2ΣO4 (Σ=Ge, Al, Ti, 

Ru, Sn) for U =2 in eV units.  
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not show any signature of splitting of the bands (as shown in Fig. 3.5(f)). Here the 𝑒𝑔
↑ states are more delocalized 

as compared to the 𝑒𝑔
↓ states (-1.8 eV). For octahedrally coordinated Sn, the t2g states hardly contribute to the 

total density of states near the Fermi-level. Note that partial density of states for Ge and Sn are not visible due 

to their lower intensity (±0.05 states/eV for Ge and ±0.3 states/eV for Sn) compared to the other cations. 

Overall, we find that the doping has important consequences on the electronic structure of the cobalt spinels. 

It is quite evident from our study that Co3O4 exhibits strong hybridization between the majority spins in 𝑡2𝑔
↑  and 

𝑒𝑔
↑ states (see Fig. 3.6) [157]. This hybridization becomes weaker for diluted compounds except for Co2RuO4 

which exhibits identical hybridization strength as that of undoped Co3O4. Another important feature we noticed 

was the overlapping of the minority spins at t2g and eg in the vicinity of valence band of Co3O4 which become 

quite feeble for Co2RuO4 and Co2AlO4, due to the reduction of a Co atom at the octahedral sites. It is interesting 

to note that this hybridization is not at all present in Co2TiO4 and Co2SnO4, as the octahedrally coordinated Co 

possesses different electronic states (see Fig. 3.1). The hybridization of 𝑡2𝑔
↑  and 𝑒𝑔

↑ states at the octahedral Co 

site is also observed in Co3O4 which remains absent for the diluted systems Co2AlO4 and Co2RuO4. Nevertheless, 

in Co2TiO4 and Co2SnO4 we observe a weaker hybridization of down spins of Co eg states occupying the 

tetrahedral and octahedral sites. At this stage we wish to compare the effect of dilution on the exchange and 

crystal field splitting of all the inverse spinels. We have calculated the exchange splitting (∆𝐸𝑋) and crystal field 

splitting (∆𝐶𝐹) from the density of states of the materials as: (a) ∆𝐸𝑋

𝑒𝑔
= 𝑒𝑔↑ − 𝑒𝑔↓, (b) ∆𝐸𝑋

𝑡2𝑔
= 𝑡2𝑔↑ − 𝑡2𝑔↓, (c)∆𝐶𝐹

↑ = 

𝑒𝑔↑ − 𝑡2𝑔↑, and (d) ∆𝐶𝐹
↓ = 𝑒𝑔↓ − 𝑡2𝑔↓. Accordingly, Table 3.3 summarizes the exchange splitting (∆𝐸𝑋) and crystal 

field splitting (∆𝐶𝐹) parameters for the pristine and diluted spinels (for U = 2) in which Co2+ ions occupy the 

tetrahedral site only for all the compounds, except Co2GeO4 where Ge4+ occupies the tetrahedral sites. The 

magnitude of ∆𝐸𝑋

𝑒𝑔
 remains nearly constant for all the compounds and ∆𝐸𝑋

𝑡2𝑔
 gradually decreases upon increasing 

the lattice parameter varying up to 3.6 eV for Co2SnO4 (a = 8.79 Å), except Co2GeO4 (rGe = 0.39 Å). In the 

present case for the normal spinel Co3O4 the calculated values of ∆𝐸𝑋

𝑒𝑔
 and ∆𝐸𝑋

𝑡2𝑔   are 1.8 eV and 5.2 eV, 

respectively. The crystal field splitting (∆𝐶𝐹) changes drastically with increasing the size (r) of the diluting ions: 

the crystal field splitting for the down-spins (∆𝐶𝐹
↓ ) decreases from 3.34 eV (for rCo = 0.55 Å) to 2.5 eV (rSn = 

0.69 Å). The magnitude of up-spin crystal field (∆𝐶𝐹
↑ ) does not display a clear trend.  For Co3O4 and Co2RuO4 

the splitting values are relatively small (~ 0.1 eV) compared to the other compounds, Co2TiO4 (∆𝐶𝐹
↑  = 0.4 eV) 

and Co2SnO4 (∆𝐶𝐹
↑  =0.5 eV). The Co3+ ions located in the octahedral crystal field do not exhibit any exchange 

splitting owing to its low-spin configuration. On the other hand, for octahedral Co3+ we observed  ∆𝐸𝑋

𝑒𝑔
 = 0.5 eV 

and ∆𝐸𝑋

𝑡2𝑔
 = 0.1 eV in the Co2RuO4. This implies that the crystal field splitting does not change significantly by 

the substituting of Co3+ by Ru3+ at octahedral sites. For Co2TiO4, Co2SnO4 and Co2GeO4 the magnitudes of 

∆𝐶𝐹
↑  and ∆𝐶𝐹

↓  are nearly identical (see Table 3.3).           
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3.3.3 Magnetic structure: 

In this section we will analyze the magnetic properties of all the investigated systems using both 

experimental methods as well as theoretical calculations in consonance with the electronic structure and density 

of states as discussed above. In Table 3.4 we have enlisted the magnetic moment of cations in the tetrahedral 

(𝜇𝑡𝑒𝑡), octahedral (𝜇𝑜𝑐𝑡) sites together with the total moment (𝜇𝑇𝑜𝑡𝑎𝑙) for different values of U. The unequal and 

opposite moment of Co in both A- and B-sites, signifies the ferrimagnetic configuration. The magnetic moments 

corresponding to tetrahedral and octahedral sites increase with the increasing value of U. For all the six 

compounds, Co2+ occupies tetrahedral site with a high-spin configuration (𝑒𝑔
4𝑡2𝑔

3 ). As a result of these three 

unpaired electrons contribute to the total magnetic moment at the tetrahedral sites yielding magnetic moment of 

the order of 3𝜇𝐵. Our calculations yield the moment 𝜇𝑡𝑒𝑡 between 2.53 𝜇𝐵 and 2.8 𝜇𝐵 for U = 2 and 6, 

respectively and these results are in good agreement with previous numerical studies by Walsh et al. [145].  

As we discussed in the previous section the total density of states shows nearly equal contribution from up 

and down-spin states near Fermi-level which implies zero net magnetic moment. The only exception is the 

inverse spinel with Ru dilution. This anomaly can be attributed to the presence of trivalent electronic state of Ru 

ions at the octahedral sites of the spinel lattice. For Ru3+ the magnetic moment is 0.77𝜇𝐵 at the octahedral site 

while the total magnetic moment is 1.92 𝜇𝐵 (a detailed H-T phase diagram will be discussed later in next Chapter 

4). The corresponding magnetic moments for different values of U are listed in Table 3.4. Notably, recent 

experimental observations suggest the formation of trivalent electronic state of Ti instead of tetravalent oxidation 

state usually expected at the octahedral sites of inverse spinel Co2TiO4. Nevertheless, in our ab intio simulations 

the cubic structure is more stable for the tetravalent electronic state of Ti. The experimental observations are 

mainly based on the X-ray photoelectron spectroscopy measurements performed at 300 K (which is much higher 

than the long-range magnetic ordering considered at the DFT level) under high vacuum conditions [149].  

In the case of cobalt orthostannate, Co and Sn remain in divalent and tetravalent electronic configurations 

in the octahedral site, respectively. These results are consistent with the recent experimental studies where the 

divalent and tetravalent electronic configuration of Co and Sn are supported from the X-ray photoelectron 

spectroscopic observations [23,24,140,149]. However, the computed magnetic moment (2.6 𝜇𝐵) which is lower 

by ~37.55% owing to the fact that DFT simulations are carried out at 0 K while the experimental studies are 

performed at finite temperatures above TN [21-24,43,149]. Usually, the trivalent Co exhibits a low spin 

configuration state for Ru diluted spinel, obtaining a magnetic moment of 0.1𝜇𝐵 . It is interesting to note that as 

we increase the Coulomb parameter to U = 6 for Co2RuO4, the magnetic moment of octahedral Co3+ increases 

and turns out to be 0.89𝜇𝐵. Likewise, cobalt orthogermanate, Co2GeO4 both the divalent Co in the octahedral 

sites exhibits an opposite magnetic moment of 2.60𝜇𝐵, whereas, Ge obtains a non-magnetic tetravalent 

configuration.  
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We performed the magnetization measurements at different temperatures in order to probe the effect of dilution 

on the magnetic ordering temperature of Co3O4. In what follows we present a systematic analysis of these 

experimental observation. Figure 3.7(a-f) show the temperature dependence of magnetization M(T) recorded 

under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. The data have been recorded while heating 

with an external dc-magnetic field HDC of 500 Oe. In the case of undoped Co3O4, both the magnetization curves 

MZFC(T) and MFC(T) exhibit peak at 38 K (Fig. 3.7(a)) indicating the AFM ordering below this temperature and 

paramagnetic behavior above. It is well known that the magnetic moment in Co3O4 arises due to the divalent Co  

 

U (eV) System Tetrahedral 

A-site 

μtet Octahedral 

B-site 

μoct μTotal 

 

 

 

2.0 

Co3O4 

Co2GeO4 

Co2AlO4 

Co2TiO4 

Co2RuO4 

Co2SnO4 

Co2+ 

Ge4+ 

Co2+ 

Co2+ 

Co2+ 

Co2+ 

2.53 

0.0 

2.60 

2.58 

2.54 

2.61 

Co3+ 

Co2+/Co2+ 

Co3+ 

Co2+/Ti4+ 

Co3+/Ru3+ 

Co2+/Sn4+ 

0.0 

-2.64/2.64 

0.0 

-2.61/0.05 

0.1/-0.84 

-2.62/0.03 

0.0 

0.0 

0.0 

-0.035 

1.91 

-0.032 

 

 

 

3.0 

Co3O4 

Co2GeO4 

Co2AlO4 

Co2TiO4 

Co2RuO4 

Co2SnO4 

Co2+ 

Ge4+ 

Co2+ 

Co2+ 

Co2+ 

Co2+ 

2.61 

0.0 

2.66 

2.65 

2.61 

2.67 

Co3+ 

Co2+/Co2+ 

Co3+ 

Co2+/Ti4+ 

Co3+/Ru3+ 

Co2+/Sn4+ 

0.0 

-2.69/2.69 

0.0 

-2.66/0.05 

0.12/-0.87 

-2.68/0.03 

0.0 

0.0 

0.0 

-0.035 

1.92 

-0.032 

 

 

 

4.0 

Co3O4 

Co2GeO4 

Co2AlO4 

Co2TiO4 

Co2RuO4 

Co2SnO4 

Co2+ 

Ge4+ 

Co2+ 

Co2+ 

Co2+ 

Co2+ 

2.68 

0.0 

2.71 

2.70 

2.67 

2.72 

Co3+ 

Co2+/Co2+ 

Co3+ 

Co2+/Ti4+ 

Co3+/Ru3+ 

Co2+/Sn4+ 

0.0 

-2.74/2.74 

0.0 

-2.71/0.04 

0.14/-0.89 

-2.73/0.02 

0.0 

0.0 

0.0 

-0.030 

1.94 

-0.028 

 

 

 

5.0 

Co3O4 

Co2GeO4 

Co2AlO4 

Co2TiO4 

Co2RuO4 

Co2SnO4 

Co2+ 

Ge4+ 

Co2+ 

Co2+ 

Co2+ 

Co2+ 

2.73 

0.0 

2.75 

2.75 

2.72 

2.76 

Co3+ 

Co2+/Co2+ 

Co3+ 

Co2+/Ti4+ 

Co3+/Ru3+ 

Co2+/Sn4+ 

0.0 

-2.78/2.78 

0.0 

-2.75/0.04 

0.2/-0.92 

-2.77/0.02 

0.0 

0.0 

0.0 

-0.028 

1.94 

-0.027 

 

 

 

6.0 

Co3O4 

Co2GeO4 

Co2AlO4 

Co2TiO4 

Co2RuO4 

Co2SnO4 

Co2+ 

Ge4+ 

Co2+ 

Co2+ 

Co2+ 

Co2+ 

2.78 

0.0 

2.78 

2.76 [2.11] 

2.67 

2.72 [2.04] 

Co3+ 

Co2+/Co2+ 

Co3+ 

Co2+/Ti4+ 

Co3+/Ru3+ 

Co2+/Sn4+ 

0.0 

-2.74/2.74 [3.02]  

0.0 

-2.71/0.04 [2.89/0.72]  

0.14/-0.89 [-/1.73] 

-2.73/0.02 [2.57/-] 

0.0 

0.0 

0.0 

-0.030 

1.94 

-0.028 

Table 3.4: The magnetic moment of tetrahedral (μtet) and octahedral (μoct) cations and the total moment 

(μTotal). All the magnetic moments are calculated in Bohr magneton unit. Experimental values obtained from 

the previously reported neutron diffraction studies are given in square brackets. 
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ions (𝑒𝑔
4𝑡2𝑔

3 ), and negligible contribution from the spin-orbit coupling [87,143,144]. Whereas, trivalent Co ions 

do not possess any permanent magnetic moment owing to the splitting of 3d levels by the octahedral crystal field 

and complete filling of t2g levels. For this case the AFM Néel temperature TN (= 30 K) is estimated form the 

differential susceptibility curve ∂(χT)/∂T (χ=MZFC/H) which is in good agreement with the previous experimental 

observations [143,158]. Almost similar features have been observed in the case of Ge diluted system (Co2GeO4) 

except the TN = 20.4 K (Fig. 3.7(b)) which is in good agreement with the results of Hubsch and Gavoille who 

reported TN = 20.25 K [148]. On the other hand, dilution of Co3O4 with Al shifts TN significantly towards the 

lower temperatures ~ 4.8 K. It is interesting to notice that Co2TiO4 exhibits completely different behavior with 

giant bifurcation between MZFC and MFC below the FiM ordering temperature 47.8 K, as shown by the arrow in 

Fig. 3.7(d). Such FiM ordering is arising due to unequal magnetic moments of divalent Co ions at the tetrahedral 

A sites and octahedral B sites. Below this TFN magnetization curves display compensation behavior (TCOMP ~ 

31.6 K) where the two sub-lattices balance with each other. However, such compensation effect is very feeble 

which occurs at very low temperatures (~ 4 K) in case of Co2SnO4 (Fig. 3.7(f)). This system also shows FiM 

ordering at 41 K which is in-line with the recent experimental reports [23,24]. However, a completely distinct 

magnetic behavior was noticed in the case of Co2RuO4 where the long-range ordering was collapsed and glassy 

signatures were evident below 16 K consistent with the previous reports [21]. A detailed analysis of the magnetic  
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Fig. 3.7: The temperature dependence of magnetization measured zero-field-cooled (ZFC) and field- cooled 

(FC) (Hdc = 500 Oe) conditions for (a) Co3O4, (b) Co2GeO4, (c) Co2AlO4, (d) Co2TiO4, (e) Co2RuO4, and (f) 

Co2SnO4. 
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 behavior of Co2RuO4 along with the H-T phase diagram will be discussed in the next chapter.  

 In the coming sections we focus on the pairwise magnetic exchange interactions in all the investigated 

systems. For this we first compute the magnetic exchange parameters by mapping DFT+U total energies onto a 

Heisenberg Hamiltonian [150,159]. The contribution of the magnetic moment in Co3O4 is due to high spin state 

of tetrahedral Co2+. We calculated the exchange coupling parameter (Jij) using the Heisenberg spin Hamiltonian 

(see Eq. 1.19):  𝐻 = − ∑ 𝐽𝑖𝑗𝑺𝑖𝑖𝑗 ∙ 𝑺𝑗, where i and j denote the nearest neighbor sites. The results are given in 

Table 3.5. We find that the three exchange parameters (JA-A, JB-B, JA-B) are all AFM with only one exception of 

Co2SnO4. With the dilution of Ti (r = 0.61 Å) we observe a decrease in the strength (~ −0.842 meV) of A-A 

interactions. Interestingly, we observe a huge increase in the coupling strength as one goes from Co3O4 to 

Co2RuO4 (JA-A = −14.211 meV). However, diluting with tetravalent Sn in the pristine compound results 

dominant ferromagnetic A-A interactions with a strength of 6.4 meV.  

 The coupling strength JB-B for Co2SnO4 and Co2TiO4 is −2.13 meV and −2.57 meV, respectively. In case 

of Co2RuO4, the coupling strength increases to −7.11 meV due to the trivalent Ru ions of magnetic moment ~ 

0.9𝜇𝐵. Such increase of magnetic moment can be attributed to the availability of unfilled spins in t2g states. The 

exchange coupling JA-B increases with increasing the size of dilutants (e.g. JA-B = −1.50 meV for Co2TiO4 and 

JA-B = −2.66 meV for Co2RuO4). For Co2SnO4, JA-B displays the weakest coupling strength of 0.17 meV with 

ferrimagnetic A-B coupling. Among all the dilutants, Co2RuO4 possesses strong AFM couplings between A-A 

(−14.21 meV), B-B (−7.11 meV) and A-B (−2.66 meV) sites. Such large interactions between the spins occur 

due to the larger crystal field splitting of Ru3+ than Co2+ (see Table 3.3) further resulting very high anisotropy 

which is quite evident from the experimental data (Fig. 3.7). Moreover, from the electronic configuration we 

noticed that trivalent Ru exhibits half-filled d states on B sites (d5), whereas divalent Co exhibits unfilled d states 

on A site (d7). As a result of this, the A-B coupling strength becomes prominent in Co2RuO4. The exchange 

interaction JA-B also exhibits increasing trend for Co2TiO4 to Co2RuO4. This feature can be understood from the 

point of view of the reduction of the bond-length between the A and B cations from 3.50 Å to 3.42 Å for Co2TiO4 

and Co2RuO4, respectively. As we compare our calculated results with the neutron diffraction results reported 

earlier we find a good consistency. Whereas, the Ge system exhibits 𝜇Co−oct ~ 3.02𝜇𝐵 (1.6 K) close to the  

 

 

 

 

 

System JA-A JB-B JA-B 

Co3O4 -1.73 (0.65) 0.0 (0.0) 0.0 (0.0) 

Co2GeO4 0.0 -22.31 0.0 

Co2AlO4 -1.33 0.0 0.0 

Co2TiO4 -0.84 (-0.53) -2.57 (-0.39) -1.50 (-0.44) 

Co2RuO4 -14.21 -7.11 -2.66 

Co2SnO4 6.4 (0.34) -2.13 (0.45) 0.17 (0.36) 

Table 3.5: Calculated magnetic exchange parameters (Jij in meV) of Co3O4 and Co2ΣO4 (Σ ≡ Ge, Al, Ti, Ru, 

Sn) for U = 2.0 eV. In the parentheses corresponding experimental values are mentioned. 
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calculated value 2.81𝜇𝐵 [160]. On the other hand, the Ru diluted system exhibits magnetic moment ~ 1.73𝜇𝐵 at 

4 K for Ru3+, which is close to the calculated values (~1.53𝜇𝐵) [21]. The exchange interaction between the 

cations located at tetrahedral sites JA-A exhibits strong coupling that corroborates the current numerical results 

(Table 3.5) [21]. 

3.3.4 Electronic band-gap: 

In this section we focus our studies on the energy band structure of all the spinels which will be interpreted 

based on our experimental data related to the optical absorption performed using the diffusive reflectance 

spectroscopy. First, we discuss our computational results obtained for different U. Figure 3.8 shows the 

electronic band structure calculated along different high symmetry directions in the reciprocal space for U = 2 

for different spinels. In Co3O4 the octahedral Co 3d states are mainly contributing to the conduction band, 

whereas the valence band maxima are supported by both tetrahedral Co 3d and O 2p states. Since Γ and X are 

high symmetry points, they contribute to the valence and conduction band. Here we restrict our discussion to 

the energy band-gap displayed at high symmetry points Γ and X. The direct Γ-Γ and X-X, and the indirect Γ-X 

energy band gaps are enlisted in the Table 3.6 for the compounds for different values of U. 

In case of the normal spinel Co3O4 (for U = 2) the energy gap at Γ-Γ and X-X turns out to be 2.33 eV and 

1.02 eV, respectively, whereas the indirect band gap at Γ-X is 1.57 eV. These values increase with increasing 

U. For instance, the gap at Γ-Γ increases to 3.76 eV and 2.70 eV at X-X for U = 6. These band gaps calculated 

for the symmetry point X-X at U = 2 and 3, agree quite well with the previously reported results (Eg = 1.5-2.5 

eV) [150-154,161]. It should be noted that for U values between 4 and 6 the gap appears with a higher magnitude 

than those previously reported theoretical values [145,150-154]. For U = 2 the direct Γ-Γ band gap exhibits 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8: Band structure is calculated using U=2: (a) Co3O4, (b) Co2GeO4, (c) Co2AlO4, (d) Co2TiO4, (e) 

Co2RuO4, and (f) Co2SnO4 and plotted with the symmetry points in the reciprocal lattice. 
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decreasing trend (e.g. Γ-Γ𝐶𝑜2𝑇𝑖𝑂4
= 1.11 eV, Γ-Γ𝐶𝑜2𝑅𝑢𝑂4

= 1.02eV and Γ-Γ𝐶𝑜2𝑆𝑛𝑂4
= 0.55 eV) with the increasing 

size of the dilutants. For example, Eg X-X = 1.56 eV and 1.75 eV for Co2TiO4 and Co2SnO4, respectively. 

However, for Co2GeO4 we find the direct Γ-Γ and X-X band gaps of 1.0 eV and 1.82 eV, respectively, for U = 

2, despite Ge has the lowest ionic radius among the dopants (i.e., r ~ 0. 39 Å). The observed band gaps for 

Co2GeO4 appear to be closer to Co2SnO4 which may occur due to identical valence electronic structure of d 

orbitals in Ge4+ (3d10) and Sn4+ (4d10). Interestingly, with the incorporation of Ru (r ~ 0.68 Å) the gap at 

symmetry points (X-X) happens to be lowest as compared to the remaining inverse spinels (0.48 eV). For 

Co2RuO4 the band gap at Γ-Γ symmetry points remains nearly equal upon increasing U (Γ-Γ = 1.02 eV and 1.15 

eV for U=2.0 eV and 6.0 eV, respectively) except for U ≥ 6.0 an anomalous trend was noticed (Tables 3.6, 3.7). 

In order to probe the role of the d-orbital electrons and their correlations in Ru diluted compound on the band 

gap at the symmetry points Γ-Γ, X-X and Γ-X transitions we varied the magnitude of U for Ru from 2 to 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

U (eV)  2.0 3.0 4.0 5.0 6.0 

 

Co3O4 

Γ-Γ 

X-X 

Γ-X 

2.33 

1.02 

1.57 

2.92 

1.46 

2.09 

3.39 

1.89 

2.52 

3.62 

2.33 

2.73 

3.76 

2.70 

2.85 

 

Co2GeO4 

 

Γ-Γ 

X-X 

Γ-X 

1.00 

1.82 

1.50 

1.39 

2.60 

2.28 

1.74 

3.28 

2.98 

1.95 

3.74 

3.53 

2.09 

4.13 

3.91 

 

Co2AlO4 

 

Γ-Γ 

X-X 

Γ-X 

2.11 

1.27 

1.34 

2.59 

1.75 

1.81 

3.03 

2.21 

2.23 

3.23 

2.53 

2.44 

3.41 

2.83 

2.64 

 

Co2TiO4 

 

Γ-Γ 

X-X 

Γ-X 

1.11 

1.56 

1.34 

1.45 

1.94 

2.11 

1.71 

2.25 

2.42 

1.92 

2.50 

2.68 

2.06 

2.68 

2.85 

 

Co2RuO4 

 

Γ-Γ 

X-X 

Γ-X 

1.01 

0.49 

0.88 

1.07 

0.50 

0.92 

1.11 

0.49 

0.95 

1.15 

0.44 

094 

0.89 

0.97 

1.30 

 

Co2SnO4 

 

Γ-Γ 

X-X 

Γ-X 

0.55 

1.75 

1.57 

0.59 

2.39 

2.00 

0.79 

2.91 

2.48 

1.05 

3.41 

3.07 

1.17 

3.89 

3.46 

 

U (eV)  2.0 3.0 4.0 5.0 6.0 

 

U fixed for Ru 

 

Γ-Γ 

X-X 

Γ-X 

1.01 

0.49 

0.88 

1.07 

0.50 

0.92 

1.11 

0.49 

0.95 

1.15 

0.44 

0.94 

0.89 

0.97 

1.30 

 

U fixed for Co 

 

Γ-Γ 

X-X 

Γ-X 

1.01 

0.49 

0.88 

1.48 

0.82 

1.34 

1.68 

1.08 

1.58 

1.65 

1.23 

1.60 

1.74 

1.43 

1.66 

Table 3.6: The calculated direct Γ-Γ and X-X, and indirect Γ-X transitions of different Co based spinel for 

different value of U. 

Table 3.7: The calculated direct Γ-Γ and X-X, and indirect Γ-X transitions of Co2RuO4 for different value 

of U. 
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while keeping fixed value of U of Co at 2. These computed data are listed in Table 3.7. Accordingly, we noticed 

a systematic increasing trend of Γ-Γ and X-X band gap (Γ-ΓU=3.0=1.48 eV and Γ-ΓU=6.0=1.74 eV; X-XU=3.0=0.82 

eV and X-XU=6.0=1.43 eV) with increasing the magnitude of U of Ru. This interesting observation reveals that 

the vital role of strong electronic correlations in d-orbital of Ru in determining the overall band-gap 

characteristics. Unlike other compounds where we varied only the U values of Co ions while keeping fixed 

values of U for dilutants Ge, Al, Ti, and Sn. The U values in Co2RuO4 needed to be varied for both Co as well 

as Ru.  

We performed the room temperature optical absorbance measurements using the diffuse reflectance 

spectroscopy (DRS) in UV visible and near IR range. For a precise determination of optical band-gap Eg we 

used the experimentally obtained reflectance data and employed the Kubelka-Munk (K-M) analysis [162]. It is 

well known that for a parabolic shaped band structure, the K-M equation can be expressed in terms of energy of 

a single photon ħ𝜔, the band-gap of the system Eg (eV) and remission function or K-M function 𝐹(𝑅∞) as:                                  

         [𝐹(𝑅∞)ħ𝜔]2 = 𝛼(ħ𝜔 − Eg)                                                     (3.1)         

In the above equation 𝛼 is a constant (absorption coefficient). Figure 3.9(a) shows the variation of 𝐹(𝑅∞) as a 

function of photon energy (ħ𝜔) (eV) for the undiluted Co3O4 normal-spinel. The inset of Fig. 3.9(a) represents 

its corresponding modulation function [𝐹(𝑅∞)ħ𝜔]2 plotted as a function of ħ𝜔. Extrapolation of the band tail  
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Fig. 3.9: (a) Experimental F(𝑅∞) vs photon energy ℏ𝜔 for Co3O4. The inset shows the plot of [F(𝑅∞)ℏ𝜔]2 

aganist the photon energy ℏ𝜔. (b) [F(𝑅∞)ℏ𝜔]2 is plotted as a function of ℏ𝜔 for Co3O4 and Co2ƩO4 (Ʃ ≡ Ge, 

Al, Ti, Ru, Sn). The solid lines are the extrapolation of the linear region to determine the optical band-gap 

Eg. 
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(as shown by the dotted lines) intercepts the x-axis at ħ𝜔 = 2.19 eV which corresponds to the direct band gap of 

the system which is consistent with the previously reported values for the bulk Co3O4 system [140,161]. Similar 

analysis has been performed to determine the Eg of diluted systems (Fig. 3.9(b)). The left-hand-side scale of Fig. 

3.10 shows the corresponding Eg values obtained for different diluting elements and is plotted as a function of 

their ionic radius (0.39 Å(Ge) ≤ r ≤ 0.69 Å(Sn)). We compared the experimentally obtained bandgap Eg-Exp with 

Eg values obtained from the DFT calculations (Eg-Theo) which was plotted on the right-hand-side scale of Fig. 

3.10. Both the experimental and calculated results are consistent with each other till r ≤ 0.68Å (Co2RuO4). An 

overall decreasing trend has been observed in the Eg values with increasing the size of diluting element. For 

pristine compound Co3O4, experimentally obtained band-gap is 2.19 eV which is quite near to the calculated 

value 2.33 eV. The theoretical and experimentally obtained band gaps for Co2GeO4 are respectively 3.28 eV and 

3.16 eV, whereas, for Co2AlO4 those are 2.37 eV and 2.59 eV, respectively (indicating high Eg as compared to 

the normal spinel Co3O4). However, for Co2TiO4, Co2RuO4 and Co2SnO4, the band-gap varies between 1.77 eV 

(for Co2TiO4) and 1.52 eV (for Co2RuO4). Table 3.6 summarizes the Eg-Theo values obtained from DFT+U 

calculations for different dilutants and different U values. Moreover, we noticed the signatures of internal d-d 

transitions (t2g(Co3+) → t2g(Co2+)) from the experimental 𝐹(𝑅∞) versus ħ𝜔 plots. These transitions are much 

prominent for the Co3O4 case than the diluted spinels.  
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Fig. 3.10: The band gaps (Eg) as a function of ionic radius of the dilutants. The right panel shows the 

experimental band-gap (Eg-Exp) and the left panel indicates the theoretical band-gap (Eg-Theo) Values of UCo 

(as indicated in the figure) are chosen to obtain the theoretical result closure to the experimental observation. 
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3.4 Conclusions: 

In this chapter the role of magnetic dilution on the electronic structure and antiferromagnetic ordering of Co3O4 

(TN = 30K) has been extensively studied using both DFT+U calculations and experiments such as SQUID 

magnetometry, UV-Vis-NIR spectroscopy and X-ray diffraction. The numerically computed crystal structure 

parameters, which include bond angle, bond length, lattice constants etc. are in good agreement with those 

obtained in the experiment using the Rietveld analysis of XRD data. These results demonstrate that the dilution 

leads to a stable inverse spinel crystal structure for all these compounds (except for Co2GeO4, which exhibits 

normal spinel configuration) unlike the pristine compound Co3O4 in which the size of unit cell increases on 

replacing the octahedrally coordinated Co3+ ions with the dilutant element. The DFT+U calculations suggest that 

in Co3O4 the crystal field splitting (∆𝐶𝐹
↓ ) changes significantly (3.3-2.5 eV) with increasing the unit-cell volume 

(527.51 Å3- 649.46 Å3) except for Co2GeO4, whereas, the exchange splitting ∆𝐸𝑋

𝑒𝑔
 does not exhibit any significant 

change with increasing the size of the dopant for U=2. On the contrary, ∆𝐸𝑋

𝑡2𝑔
 shows decreasing trend (5.2 eV - 

3.6 eV) with increase of the lattice parameter (8.08 Å - 8.66 Å). Numerical calculations reveal an AFM 

configuration for Co2AlO4, Co2GeO4 and Co3O4, in contrast to other inverse spinels (Co2TiO4, Co2RuO4 and 

Co2SnO4) which we found to have the tendency to form FiM structure. These results are consistent with our 

magnetization measurements which yield the order parameters for antiferromagnetic Co2AlO4, Co2GeO4 and 

Co3O4 with Néel temperatures TN = 4.8 K, 20.4 K and 30 K, respectively. Whereas, for the inverse spinels, we 

obtained the Néel temperature at 16 K, 47.8 K and 41 K for Co2RuO4, Co2TiO4, and Co2SnO4, respectively. For 

all these systems, at absolute temperature, the computed intrinsic magnetic moments are nearly zero, except 

Co2RuO4 which exhibits non-zero magnetic moment (1.91𝜇𝐵) suggesting the restoring of magnetic moment 

while substituting the Co3+ with Ru3+. This observation is consistent with the experimentally obtained 

temperature dependence of magnetization data whereas we noticed a significant shift of the magnetic-ordering 

temperature towards the lower value (16 K) as Co is substituted with Ru.  

 
The Kulbelka-Munk analysis of the optical absorption spectra obtained from diffusive reflectance 

spectroscopy reveal that the optical band gap energy (Eg) of the spinels are in good agreement with the 

theoretically calculated Eg (for Co3O4, 2.33 eV(Eg-Thy-U=2) and 2.19 eV(Eg-Exp)). It was found that the Eg decreases 

(1.52 eV) on increasing the ionic radius (rRu=0.68Å) of the dilutant. For Co2GeO4 and Co2SnO4 the experimental 

band-gaps (3.16 eV and 1.75 eV) are consistent with X-X direct band gap, whereas for the remaining compound, 

they agree well with the Γ-Γ direct band-gap obtained theoretically. 
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Chapter 4 

Coexistence of glassy antiferromagnetism in Co2RuO4 

 

In this chapter we mainly focus our study on the low-temperature spin-glass state just below the 

antiferromagnetic ordering of the Co2RuO4 (CRO) spinel. Particularly, a detailed experimental study on the 

frequency dependence of dynamical magnetic susceptibility and H-T phase diagram of CRO are discussed. A 

lot of emphasis has been given to the elucidate the novel phenomena, such as magnetic exchange interactions, 

magnetic entropy changes, and exchange bias in bulk polycrystalline CRO system. In the previous chapter, we 

discussed the crystal and optical properties, however, the detailed magnetic properties with special attention on 

the relaxation dynamics, exchange interactions, exact ground state, and H-T phase diagram were scarce in 

literature which is the main reason for choosing this system. The first section of this chapter summarizes the 

important magnetic properties of this compound and subsequent sections deals with the experimental results and 

analysis followed by summary of important findings.   

 

4.1   Introduction and motivation: 

 
For the strongly correlated spinel oxides, several ground states have been observed due to the interaction 

between the spins, lattices, and orbital degree of freedom [163,164]. In case of the transition metal oxide and 

their composites, competition between the different exchange interactions increases the possibility of 

geometrical and orbital frustration which leads to some interesting properties, like, ferroelectric ordering of 

domains, giant sign reversible exchange bias, and reentrant spin-glass phenomena [41,163-165]. As 

demonstrated in previous chapter CRO crystallizes in the inverse spinel structure (space group Fd-3m (227)) 

with the electronic configuration (Co2+)A[Co3+Ru3+]BO4. In this compound, Co2+ ions occupy the tetrahedral A-

sites and exhibit a high spin (S = 3/2) state, whereas, the octahedral B-sites are occupied by the low spin 

configuration of Co3+ (S=0) and Ru3+ (S = 1/2) [21,146,166,167]. First scientific article on the synthesis of CRO 

was reported by Dulac using the solid-state reaction method [166]. Later, Krutzsch and Kemmler synthesized 

Co3-xRuxO4 (0.4 ≤ x ≤ 1.0) solid solutions using metallic powders of Co and Ru then oxidized these samples 

between 1123 K and 1473 K, and studied the vibrational modes of Co3-xRuxO4 [168]. Kawano et al. reported 

semiconducting behavior with a positive Seebeck coefficient in the solid-solutions of Co3-xRuxOy (0.50 ≤ x ≤ 

0.70, y = 3.8-3.9) [169]. On the other hand, while substituting 50% of Ru by Mn in CRO, a mixed ground state 

of long-range FiM and short-range order was reported. For 70% substitution of Ru it was observed that the 

disorder completely vanishes [170]. However, for Mn0.5Ru0.5Co2O4, Bhowmik et al. reported that a magnetic 

transition occurs from ferrimagnet to paramagnet across 100K. However, the authors were unable to observe 

any short-range magnetic interactions below 100K [171]. While incorporating Fe in the Ru site of CRO, the 

magnetic ordering temperature has been reported to vary from 120 K (x = 0.2) to 560 K (x = 0.8) and the variation 

of conductivity indicated that the incorporation of Fe decreases the concentration of free electrons [172]. There 
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is only single report available on the magnetic properties of undoped CRO by Mandrus et al. who studied the 

AFM behavior using the temperature dependence of ac- and dc-magnetic susceptibility along with the neutron 

powder diffraction experiments. Accordingly, these authors reported a spin-glass state below the freezing 

temperature TF ~16 K with overall AFM exchange coupling inferred from the Curie Weiss fit of the paramagnetic 

susceptibility [21]. Additional support for the lack of long-range AFM order below TF was inferred from the 

absence of any new lines in the neutron powder diffraction pattern measured at 4 K compared to that measured 

at 25 K [21]. Mandrus et al. also investigated the temperature dependence of magnetic susceptibility of 

ZnCoRuO4 in which non-magnetic Zn2+ is substituted for magnetic Co2+ at the tetrahedral sites; this material 

showed Curie-like paramagnetic behavior down to 2 K, signifying that the Ru3+-Ru3+ exchange coupling at the 

B-sites is practically negligible [21]. This is important since Co3+ ions occupying the B-sites in CRO are in the 

low-spin S = 0 state. So, the only significant exchange couplings in CRO are expected to be the A-A type just 

as in Co3O4 (which is an antiferromagnet with TN ~ 30 K [87,143]) modified perhaps somewhat by the much 

weaker A-B coupling between Co2+ and Ru3+, the later randomly occupying only half the B-sites. The electronic 

structure of Co3O4 = [Co2+]A[2Co3+]BO4 differs slightly from that of CRO in that all the B-sites in Co3O4 are 

occupied by non-magnetic Co3+ ions so that A-B and B-B exchange interactions are absent in Co3O4 [143]. 

Nevertheless, there is no detailed experimental study on the frequency dependence of relaxation dynamics of 

CRO is available in the literature which motivated us to undertake this work which lead to the discovery of few 

novel physical properties as discussed below.  

 

4.2      Experimental details:   

 
            Polycrystalline sample of CRO was prepared using the solid-state reaction method as detailed in Chapter 

2. We used slightly lower heat-treatment (1100⁰C in air for 24 h in air) while preparing the pellets of CRO. To 

verify the structural purity of the prepared sample, X-ray diffraction (XRD) experiment was performed using a 

Rigaku, TTRAX III diffractometer with Cu-Kα radiation of wavelength λ = 1.5406 Å as source. This was 

followed by the Rietveld refinement of the diffraction pattern using the FullProf program as shown in Fig. 4.1. 

These results reveal that within the accuracy of the XRD technique, the only phase present in the sample is CRO 

since impurity lines from any other phase are not detected. The Rietveld refinement analysis yields the following 

structural parameters for CRO: lattice constant a = 0.829 nm, bond lengths A-O = 0.186 nm and B-O = 0.202 

nm, and bond angles A-O-A= 109.4o and A-O-B =124.0o. On the other hand, same magnetic characterization 

procedure is employed as described in Chapter 2 except here we performed a very detailed frequency variation 

(from 0.17 Hz to 1202 Hz) of ac-magnetic measurements from 5 K to 400 K for dc-fields between 0 Oe ≤ HDC 

≤ 500 Oe with amplitude of the ac magnetic field Hac = 4 Oe.  
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4.3  Results, analysis and discussion: 

 

4.3.1 Temperature dependence of dc-magnetic susceptibilities:  

 
          In this subsection, first we discuss a detailed temperature and field dependence of the dc-magnetization 

data and then proceed for the ac-susceptibility studied. Figure 4.2 shows the temperature dependent dc-magnetic 

susceptibilities χ (T) (=M/H) measured with H = 600 Oe under ZFC and FC conditions. Note that χ is given in 

molar units which is obtained by multiplying the measured units (M = emu/g) with the molecular weight of CRO 

(M.W.=282.94 mol/g). The data show a peak in χ near 16 K. In the inset of the figure we also plot the temperature 

dependence of [χFC - χZFC] for T < 23 K showing a peak at 15.6 K and a broad minimum near 11.6 K. We later 

show that for this system, the Néel temperature TN = 15.2 K representing PM to AFM transition whereas TSG ~ 

14.2 K represents transition to spin-glass state. It is noteworthy that Mandrus et al. [21] also noted that χFC 

bifurcates from χZFC near 12 K. The bifurcation between the ZFC and FC curves below TN suggests that the 

phase transition is not a classical Néel AFM, rather fraction of the spins are decoupled in some way i.e. there is 

presence of some weak ferromagnetic moments or uncompensated spins. As for an example, it has been reported 

that Sr4FeRuO8 and Sr3FeRuO7 exhibit similar type of temperature dependence of magnetization with TN across 

11 K and 23 K, respectively [173]. Koteswararao et al. reported the presence of weak ferromagnetic moments 

in the antiferromagnetic state of Pb6Ni9(TeO6)5 which led to clear bifurcation between the ZFC and FC curves 

[174]. As noticed in section 4.1, weakly coupled spins in CRO are likely due to Ru3+ ions with spin S =1/2 

because of the weaker and random A-B coupling which we argue later is also the source of the SG state.    
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Fig. 4.1: Room temperature XRD patterns together with the Rietveld refined data of CRO. The blue lines at 

the bottom represent difference between the measured and simulated patterns. 
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Fig. 4.2: Temperature dependence of the dc magnetic susceptibility (χ) of CRO in the range of 2 K to 300 K 

measured under the ZFC and FC conditions with applied H = 600 Oe. The inset shows the temperature 

variation of difference susceptibility (χFC - χZFC) for the lower temperatures. 
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The temperature dependence of magnetic susceptibility χ of CRO for T > TN appears to fit well to the modified 

Curie-Weiss (CW) law given by: 

𝜒 = 𝜒0 + 𝐶/(𝑇 + 𝜃)      (4.1) 

In the above Eq. (4.1), the 𝜒0 term is added to the conventional CW law to account for the (positive) Van Vleck 

susceptibility and (negative) diamagnetic susceptibility both of which are usually temperature independent, C 

(=NAµeff
 2/3kB) is the Curie constant and 𝜃 is the Curie-Weiss temperature. In the convention used in Eq. (4.1), 

𝜃 is positive (negative) for antiferromagnetic (ferromagnetic) interaction. As shown in the analysis of the data 

in Co3O4 [143], including the proper magnitude of 𝜒0 is very important to accurately determined C (and hence 

magnetic moment µeff) and 𝜃 as we show here also. To determine 𝜒0 experimentally, χ versus 1/T is usually 

plotted with a focus on high-T data yielding χ = 𝜒0 by linear extrapolation to the limit 1/T → 0 where contribution 

of the paramagnetic term in Eq. (4.1) goes to zero. Using our data up to 400 K, such a plot is shown in the inset 

of Fig. 4.3 yielding 𝜒0 = 0.0025 emu/mol-Oe. However, we have used 𝜒0 = 0.0015 emu/mol-Oe in our analysis 

since as shown for Co3O4, using data up to 1000 K would have provided lower magnitude of 𝜒0 [143].  Using 

𝜒0 = 0.0015 emu/mol-Oe in Eq. (4.1), we have plotted  𝜒-1 vs. T (left hand scale) and 𝜒𝑝
−1(= (𝜒- 𝜒0)-1) vs. T (right 

hand scale) in Fig. 4.3, with the slopes of the linear fits yielding C and intercept 𝜃, in which differences for the 

two cases demonstrating the effects of 𝜒0. The obtained magnitudes of C (𝜃) are 3.25 emu/mol K (113 K) and 

2.16 C (53 K) for 𝜒0 = 0 and 𝜒0 = 0.0015 emu/mol-Oe, respectively.  Mandrus et al. reported a good fit for their 

data up to 300 K using 𝜒0 = 0.004 emu/mol-Oe and yielding C = 1.44 emu/mol K and θ = 4 K [21]. Using C = 

NAµeff
2/3kB, the calculated effective magnetic moment for different magnitudes of C noted above are:  µeff = 5.10, 

4.16 and 3.39 µB per formula unit (f.u.) of CRO for C = 3.25, 2.16, and 1.44 emu/mol K, respectively. The 

expected magnitudes of µeff for CRO = (Co2+)A[Co3+Ru3+]BO4 using spin S = 0 for Co3+, S = 3/2 (µ = 3.87 µB) 

for Co2+, and  S=1/2 (µ = 1.73 µB) for Ru3+
  is µ=  √(3.87)2 + (1.73)2 = 4.24 µB per f.u. This is in good 

agreement with µ = 4.16 µB /f.u. obtained from our analysis using C = 2.16 emu/mol K with 𝜒0 = 0.0015 

emu/mol-Oe. Since fit to the modified CW law is possible for different magnitudes of 𝜒0 as discussed above, 

our choice of 𝜒0 = 0.0015 emu/mol-Oe for CRO based on the comparison with isostructural Co3O4 as noted 

above and yielding the theoretically expected magnitude of the magnetic moment is justified. 

  

4.3.2   Evaluation of the exchange interactions: 

       The magnitudes of θ = 53 K and TN =15.2 K determined above being significantly different from each other 

suggests the presence of at least two significant exchange interactions in CRO. Following the discussion in 

Co3O4 [143], the exchange constant J1 (J2) between the Co2+ ions on the A-site involves the path A-O-A (A-O-

B-O-A) with z1 = 4 (z2 = 12) as the interacting neighbors. The molecular field theory then yields the following 

expressions for θ and TN [143]: 

3kBTN = S(S+1) [J1z1-J2z2]                                                        (4.2) 
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3kBθ = S(S+1) [J1z1+J2z2]                                                          (4.3) 

Using TN = 15.2 K, θ = 53 K and S = 3/2 in Eqs (4.2) and (4.3) yield J1/kB = 6.8K and J2/kB = 1.26K for CRO. 

The effects of the weaker exchange coupling between Co2+ and Ru3+, ignored in the above analysis, is considered 

later in the chapter. These magnitudes of J1 and J2 in CRO are about half the magnitudes for Co3O4 for which θ 

= 112 K and TN = 30 K were reported [143]. An alternative approach to determine the dominant exchange 

constant J1 is the use of high temperature series expansion (HTSE) for S = 3/2 using the Heisenberg Hamiltonian 

[175]. Such a series is given by [175]:  

𝜒𝑝 =
𝐶

𝑇
∑ 𝐶𝑛 (

𝐽1

𝐾𝐵𝑇
)

𝑛
6
𝑛=0                                                                (4.4) 

with coefficients C0 = 1, C1 = -7.5, C2 = 45, C3 = -234.56, C4 = 1145.97, C5 = -5581.67 and C6 = 27674.74 for S 

=3/2 [175]. Since the values of 𝐶𝑛 alternative in sign, we use only even number of terms up to n = 6 although 

terms up to n =7 are available [175]. Also, C = 2.16 emu/mol K and χp = χ – χ0 are used in this calculation which 

are determined from the analysis based on the modified CW law (Eq. (4.1)). The fit of the data to the CW law 

and the HTSE are compared in Fig. 4.4. Whereas the CW law begins to deviate from the data below about 100 

K, the fit to the HTSE is shown to fit well below 40 K using C =2.16 emu/mol K and J1/kB = 5.8 K. The ratio 

test shows that the convergence of the series is valid for J1/kBT < 0.2 which for J1/kB = 5.8 K means T > 30 K, in 

line with the results shown in Fig. 4.4. The fit can be extended down to about 30 K using C =1.9 emu/mol K and 

J1/kB = 5.4 K but with slight deviation of the fit at higher temperatures. These magnitudes of J1/kB are in good 

agreement with those determined above using Eqs. (4.2) and (4.3) although HTSE is only available for a single 

exchange constant. Such determination of exchange constants for CRO have not been reported before.  
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4.3.3   Néel temperature, spin-glass transition and H-T phase diagram:  

            Both theoretically [176] and experimentally [143,177,178], it is known that the peak in χ vs. T in 

antiferromagnets usually occurs at temperature T > TN and instead TN is accurately defined by the peak in 

∂(χT)/∂T. In Fig. 4.5(b), the plot of ∂(χT)/∂T vs. T in H = 100 Oe (the lowest H used in our χ vs. T measurements) 

shows a peak at 14.9 K. In Fig. 4.5(a), we also show the data of ac susceptibility 𝜒′′ vs. T at the lowest frequency 

f = 0.17 Hz and H = 0 which shows a peak at 15.2 K. We suggest TN = 15.2 K to be the accurate value of TN for 

CRO in H = 0 since the applied H lowers TN as discussed below. Temperature dependence of χZFC from 2 K to 

300 K was measured under applied static magnetic fields H = 0.1, 0.4, 0.6, 1, 5, 6, 7, 8, 9, 10, 20, 30, 40, 50, and 

70 kOe. The data for χ vs. T for H = 0.1 kOe was shown in Fig. 4.6(b) and the similar plots for representative 

values of H = 5, 8, 10, 20 and 30 kOe are shown in Fig. 4.7, along with the computed ∂(χT)/∂T vs. T curves. It 

is evident that with increase in H, the peak in χ vs. T becomes broader and there is clear evidence of the presence 

of two peaks in the computed ∂(χT)/∂T. The H-dependence of the two peaks was measured carefully and from 

the analysis of this dependence, the lower temperature peak is interpreted to be due to spin-glass transition TSG. 

This H-dependence of TN (high temperature peak) and TSG is shown in the H-T phase diagram of Fig. 4.7. 

Additional support for the designation of TSG is presented later from the analysis of the data on ac susceptibilities 
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Fig. 4.6: Temperature variation of dc magnetic 

susceptibility χ = M/H (blue symbols and right-

hand scale) measured under the ZFC conditions for 
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(red symbols and left-hand scale). The lower and 

higher temperature peaks marked by vertical arrows 

respectively correspond to TSG and TN of CRO. 

 

Fig. 4.5: (a) Temperature variation of the ac 

susceptibility 𝜒′′ at the lowest frequency f = 0.17 

Hz and H = 0 Oe; (b) Temperature variation of dc 

susceptibility χ (blue symbols and right-hand scale) 

and corresponding ∂(χT)/∂T (red symbols and left-

hand scale) for H = 100 Oe.  
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 (𝜒′ and 𝜒′′), time dependence of the magnetization M(t), and temperature dependence of the hysteresis loop 

parameters. Based on molecular-field theory, the H-dependence of TN in conventional antiferromagnets such as 

MnF2 and Er2O3 has been shown to fit well with the relation: 𝑇𝑁(𝐻) =  𝑇𝑁(0) − 𝐷1𝐻2 with D1 =7.3×10-9 K/Oe2 

for Er2O3 [178] and D1= 1.6×10-10 K/Oe2 for (MnF2 [179]). For CRO, TN does decrease with increase in H 

initially, although the peaks in TN and TSG are difficult to resolve for H < 5 kOe. For H = 50 kOe, TN (H) = 14.4K 

compared to TN (0) = 15.2K; these values yield D1= 3×10-10 K/Oe2, similar to the reported values for MnF2 and 

Er2O3 noted above.  

 The H-dependence of TSG for H > 7 kOe shows TSG = 13.1K for H =7 kOe to TSG = 3.4 K for H = 70 

kOe. The observed data of the H-dependence of TSG fit well with the relation, also known as non-mean field 

Almeida-Thouless (AT) line [180-184]:  

TSG (H) = TSG(0)(1-AH2/ϕ),                                                       (4.5) 

where TSG(0) is the value of SG temperature in the absence of the magnetic field, A is the amplitude and ϕ is the 

crossover exponent. For the mean-field Almeida-Thouless (AT) line, the magnitude of ϕ = 3 [185-191]. The fit 

of the data to Eq. (4.5) in Fig. 4.8 yields TSG(0) = 14.2 K, ϕ = 3.2 and A = 7.4 × 10-4 Oe-0.625. This supports our 

identification of TSG as the spin-glass transition with TSG (0) ≈ 14.2 K, which is somewhat lower than TN (0) = 

15.2 K. This suggests that in CRO, AFM ordering precedes the spin glass ordering as the temperature is lowered 

from above. The non-mean model has been used for different SG systems and thus ϕ varies significantly 

depending upon the SG system [180-184]. The magnitude of ϕ is mainly determined by the strength of the 

anisotropy relative to the magnetic field. The obtained ϕ = 3.2 for CRO resembles the random-anisotropy SG 

system such as α-DyNi system [180].  
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4.3.4.    Time dependence of magnetization and magnetic viscosity: 

       A characteristic feature of the SG state is time (t) dependence of its magnetization below TSG leading to 

magnetic viscosity S. This time dependence of M(t), usually given by [185,189,191]: 

M(t) = M(0) – S Ln t                                                         (4.6) 
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Fig. 4.8: Variation of TSG (obtained from χ vs T data) against H, with the dotted line being the best fit to Eq. 

(4.5) with the parameters listed in the figure. 
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temperatures after switching off the cooling magnetic field of 90 kOe. The solid curves are fits to the relations 

M(t) = M(0) – S Ln t for larger times. 
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Indicate the lack of a unique ground state for a spin-glass. For the measurements of S in CRO, the sample was 

cooled from room temperature to the measuring temperature in H = + 90 kOe. After the temperature became 

stable, H was switched to zero and magnetization M(t) was measured as a function of time (t) for t up to 2.5 h. 

To acquire the data for the next temperature, the sample was brought at room temperature, cooled back to the 

temperature in 90 kOe and the process was repeated. Plots of M(t) vs. Ln t for different temperatures are shown 

in Fig. 4.9 and further temperature dependence of magnetic viscosity S was determined from the slope and M(0) 

as shown in Fig. 4.10. Both S and M(0) decreases monotonically with increase in temperature approaching zero 

near 15K. The large value of M(0) at lower temperatures indicates the presence of ferromagnetic clusters or 

uncompensated spins, similar to the observations in the spin-glass PrRhSn3 [191]. 

4.3.5    Relaxation dynamics and interdomain interactions:  

      In order to better understand the nature of magnetic ordering in CRO, temperature and frequency dependence 

of ac magnetic susceptibilities (𝜒′ and 𝜒′′) were measured covering the frequency range f = 0.71 Hz to 1202 Hz 

(Fig. 4.12). The applied fields were Hac = 4 Oe and H = 0 Oe. With increase in f, the peaks shift to higher T for 

both 𝜒′and 𝜒′′ although the peak amplitudes decrease for 𝜒′ but increase for 𝜒′′, a behavior often observed for 

spin glasses [23,24,141,186]. To quantify the shift in the peak temperature Tp of 𝜒′′ with change in frequency 

from f1 to f2, the quantity Ω (Mydosh parameter) defined by [82,141,186,192]: 

Ω = (Tp2-Tp1)/Tp1(log f2- log f1)                                                  (4.7) 
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is often calculated. From Fig. 4.11, Tp = 15.2K (15.8K) for f0 = 0.17 Hz (1202 Hz) yielding Ω = 0.010, a 

magnitude typical of spin glasses [193]. Although similar frequency and temperature dependence of 𝜒′′ is also 

observed in interacting magnetic nanoparticles, the magnitude of Ω = 0.05 to 0.13 for magnetic nanoparticles is 

considerably larger in such cases, Ω increasing with decrease in inter-particle interaction [73,193-197]. For 

normal magnetic transitions, the magnitude of Ω is an order of magnitude smaller than Ω = 0.010 [73,193-197]. 

In case of canonical SG systems, the magnitude of Ω is generally one order less (e.g. for AuMn and CuMn, Ω is 

0.0045 [82] and 0.005 [78], respectively), whereas for non-interacting ideal super-paramagnet it is one order 

higher (e.g. for α-[Ho2O3(B2O3)], Ω ≈ 0.28 [78]) from the value obtained for CRO. The obtained Ω value is 

comparable with those in cluster SG systems like Cr0.5Fe0.5Ga (Ω = 0.017) [180], PrRhSn3 (Ω = 0.086) [191], 

and La1.85Sr0.15Cu1-xNixO4 (Ω ≈ 0.012) [198].  To further establish the spin-glass behavior in CRO, the frequency 

dependence of 𝜒′′ is analysed using two empirical scaling laws: (i) The Vogel-Fulcher law defined by the 

relaxation time τ = τ0 exp [Ea/kB(T-T0)] [24,141,180,191,198] and (ii) the power law τ = τ0[(T-TSG)/TSG]-zυ 

[24,141,180,191,198]. Here, τ = 1/2πf is relaxation time with τ0 being related to the relaxation of individual 

cluster magnetic moment, T0 represents strength of inter-cluster interaction, Ea is the activation energy and zυ is 

a critical exponent with magnitude between 4 and 12 for spin glasses [78,180]. The fit of the data using the peak 

position of 𝜒′′ to the Vogel-Fulcher law is shown in Fig. 4.12(a) yielding T0 = 14.3K and τ0 = 1.14×10-9 s. 

Similarly, the fit to the power law, shown in Fig. 4.12(b), yields TSG = 14.97 K, τ0 = 1.16×10-10 s and zυ = 5.2. 
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TH-2770_166121011



80 
 

 

These magnitudes of the fitted parameters are supportive of the SG state in CRO for T < TSG. For traditional 

spin glasses, the magnitude of τ0 lies between 10-10 and 10-13 s, whereas, in case of canonical and cluster SG 

systems τ0 varies in the range 10-12 - 10-13 s [180,198-202] and 10-7 -10-10 s, respectively [78,180,191,198,203]. 

The τ0 value obtained from Vogel-Fulcher and Power law, both lies in the range valid for cluster SG system 

which is in line with the analysis of relative shift in the Mydosh parameter Ω.  The comparatively high magnitude 

of τ0 indicates the slow spin dynamics in CRO which is quite likely due to the presence of strongly interacting 

clusters rather than individual spins. On the other hand, the value of τ0 obtained from Power law is one order 

higher than the Vogel-Fulcher law and this behavior has been observed for cluster SG system while using two 

different dynamical scaling laws [180,198,204]. Generally, the weak coupling between the interacting entities 

are defined when the strength of inter-cluster interaction is negligible compared to the activation energy (T0 ≪ 

Ea/kB) and the opposite (T0 ≫ Ea/kB) is true for the strong coupling. However, for CRO, T0 is nearly 0.85 Ea/kB 

and the value fall in the intermediate region which demonstrate the presence of finite interaction between the 

magnetic entities and the similar behavior has been reported for other cluster spin glass systems [180,198]. In 

our measurements of χ vs. T under different static magnetic fields H, TSG is difficult to distinguish from TN 

unless a large enough H is applied to shift the TSG to lower temperatures. To see this effect in the ac 

susceptibilities, the data of  𝜒′′ vs. T taken with Hac = 4 Oe and H = 0, 100 Oe and 500 Oe is shown in Fig. 4.13. 

As expected, the position of the peak representing TN is not affected noticeably with increase in H. However, a 

broad hump in 𝜒′′ appears below about 12 K in the data taken with H = 500 Oe. It is suggested that this hump 
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Fig. 4.13: Temperature variation of the ac 

magnetic susceptibility 𝜒′′(T) for CRO 

measured at 17.1 Hz in Hac = 4 Oe with 

superposed dc bias fields H = 0, 100 and 

500 Oe.  
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is a signature of the spin-glass phase as for example reported in the case of α-Ni(OH)2 [205]. A larger H is likely 

needed to obtain a distinct peak for TSG as shown in the H-T phase diagram in Fig. 4.7.  

The results and their analyze presented above show that CRO orders antiferromagnetically at TN ≈ 15.2K 

and with further lowering of temperature, spin-glass like ordering develops below TSG ≈ 14.2 K. It is known that 

the existence of SG state requires randomness and/or competing interactions. In CRO, half of the octahedral B-

sites are occupied by non-magnetic Co3+ ions and the other half of the B-sites are occupied by Ru3+ ions with 

spin S=1/2. Since the occupancy of the B-sites by Co3+ and Ru3+ is random, any A-B exchange coupling between 

the Co2+ ions on the A-site and Ru3+ ions on the B-sites has a random character. Also, magnetic studies in 

ZnCoRuO4 by Mandrus et al. [21] showed that any Ru3+- Ru3+ (B-B) exchange interaction is quite negligible. 

Therefore, any magnetic ordering of the Ru3+ ions through A-B exchange interaction has spin-glass-like features 

even though Co2+ ions on the A-sites are ordered antiferromagnetically at TN, just as in Co3O4 [143]. So overall, 

all the magnetic moments in CRO do not possess a long-range magnetic order below TN, explaining the absence 

of any magnetic lines in the neutron diffraction studies of Mandrus et al. at 5K [21]. It is worthwhile to compare 

the results on CRO presented here with those reported for somewhat similar spinel Co2SnO4 = 

[Co2+]A[Co2+Sn4+]BO4 with Sn4+ ions on the B-sites being non-magnetic [23,24,167] similar to Co3+ ions in CRO. 

In Co2SnO4, TN = 41K was reported due to ordering of the longitudinal components of the Co2+ spins followed 

by TSG = 39.1K due to freezing of transverse spin components. These observations in Co2SnO4 were interpreted 

in terms of the magnetic dilution produced by the non-magnetic Sn4+ ions on the B-site, somewhat like the 

situation in CRO. In contrast Co2TiO4 = [Co2+]A[Co3+Ti3+]BO4, where all the cations have magnetic moment with 

µ(Co2+) = 3.87µB, µ(Co3+) = 4.89µB and µ(Ti3+) = 1.73µB, absence of a spin-glass phase was reported [22]. Thus, 

it can be inferred that magnetic dilution of the B-site leads to spin-glass phase. It is also known that the absence 

of the magnetic ions on the A-site such as present in ZnFe2O4 = [Zn2+][2Fe3+]O4 [206] and the defect spinel 

MgMnO3 with the structure 4MgMnO3 = 3[Mg2+][Mg2+
1/3Mn4+

4/3 V1/3]O4 (V= vacancy), leads to magnetic 

frustration and lack of long-range magnetic order [206,208].  

4.3.6    Asymmetry in hysteresis loops and exchange bias: 

      Temperature dependence of hysteresis loop parameters like the coercivity HC, remanence MR, and loop-shift 

or exchange bias HEB for the ZFC and FC samples, provides a useful way to determine the nature of magnetic 

phases present in any magnetic compound. Particularly noteworthy is the result that HEB is expected only if an 

AFM phase combined with another phase (ferromagnetic, ferrimagnetic, spin-glass or uncompensated spins) are 

present [209-213]. For these measurements of the hysteresis loops and the associated loop parameters, the 

sample was cooled from the PM phase to the measuring temperature in H = 0 for the ZFC or H = 90 kOe for the 

FC case. After completing the measurements, the sample was warmed to the PM region and cooled back again 

to the next measuring temperature and the process was repeated. Typical measured hysteresis loops for the ZFC 

and FC cases are shown in the Figs. 4.14 and 4.15. 

TH-2770_166121011



82 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-80 -40 0 40 80

-3

-2

-1

0

1

2

3

-60 -40 -20 0 20 40 60

-2

-1

0

1

2

-80 -40 0 40 80

-3

-2

-1

0

1

2

3

-60 -40 -20 0 20 40 60

-2

-1

0

1

2

H
C
 = 0.003 kOe

H
EB

 = 2.826 Oe

M
R
 = 2.1 emu/mol

H
C
 = 0.7 kOe

H
EB

 = 37 Oe

M
R
 = 26.9 emu/mol

H
C
 = 2.3 kOe

H
EB

 = 29.3 Oe

M
R
 = 82.1 emu/mol

H
C
 = 5.5 kOe

H
EB

 = -30.1 Oe

M
R
 = 192.4 emu/mol

H (kOe)

M
 (

1
0

3
 e

m
u

/m
o

l)

-0.2 0.0 0.2

-15

0

15

-1 0 1

-0.05

0.00

0.05

-2 0 2

-0.1

0.0

0.1

-8 -4 0 4 8

-0.2

0.0

0.2

T=15KT=10K

T=5KT=2K
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temperatures under zero-field conditions for CRO. The insets show the zoomed-view of M–H loops near the 

coercive region. Measured magnitudes of the loop parameters are also listed. 
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The temperature dependence of the loop parameters for the ZFC and FC cases are displayed in Fig. 4.16. For 

the ZFC case, HEB is practically zero since the measured value of approximately 20 Oe is within the experimental 

errors of measuring H. However, for FC in H = 90 kOe, HEB becomes noticeable below 14 K, rising sharply 

below ≃ 8 K. Similarly, distinct differences between HC (FC) and HC (ZFC), and MR (FC) and MR (ZFC) begin 

to appear below ≃ 12K. These observations are consistent with the conclusions described in previous sections 

that CRO is a mixed phase system containing AFM and SG phases. As noted above, presence of significant HEB 

for a FC sample is indicative of the presence of AFM phase combined with a phase containing a ferromagnetic 

component, such as the SG phase for CRO. Note that Mandrus et al. reported that in CRO at low temperatures, 

elongation of A-O bond-lengths and shrinking of B-O bond-lengths occur [21]. This may cause alteration of the 

spin arrangement and hence influence the AFM and SG couplings thereby resulting in the loop asymmetry or 

exchange bias in CRO.  

4.3.7     Peculiarities in magnetic entropy change:  

          In this subsection, we present the peculiar changes occurring in the magnetic entropy change (∆SM) at 

temperatures below the long-range-ordering temperatures using the isothermal magnetization data. It is well 
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Fig. 4.16: (a)Temperature dependence of coercivity HC and remanence MR for the ZFC (solid blue circles) 

and FC (solid red squares) conditions; (b) Temperature dependence of exchange bias HEB under similar 

conditions. The lines connecting the data points are drawn for visual guides. 
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known that the magnetocaloric effect (MCE) is the change in the ∆SM of a material under an applied field H 

resulting in associated change in its temperature T. For this, ∆SM is written using the Maxwell equation given 

by [214-221]:  

∆𝑆𝑀 =  ∫ (
𝜕𝑀

𝜕𝑇
)

𝐻′
𝑑𝐻′

𝐻

0
                                                           (4.8) 

Experimentally, it is easier to measure the isotherms M vs. H at fixed T and determine the area under the isotherm 

given by ∫ 𝑀𝐻𝑑𝐻. In this case, Eq. (4.8) is replaced by 

∆SM = 
𝜕

𝜕𝑇
∫ 𝑀 𝑑𝐻′

𝐻

0
.                                                            (4.9) 

All the isotherms in CRO were measured under the ZFC condition to access the virgin magnetic state. The 

temperature difference ∆T between the isotherms were kept small for T < TN to determine the nature of magnetic 

ordering in detail. In Fig. 4.17(a), we show selected isotherms for T > TN and in Fig. 4.17(b), some selected 

isotherms for T < TN are shown. Areas under these curves were calculated from H = 0 to 90 kOe. Then the plot 

of the area (A) vs. T was made and (𝜕𝐴/𝜕𝑇) vs. T was computed from this plot yielding ∆SM vs. T according to 

Eq. (4.9). This plot of (–∆SM) vs. T for CRO is shown in Fig. 4.18(a). Clearly, (–∆SM) is positive for T > TP ≃ 

17K and negative for T < TP. In Fig. 4.18(b), we show the plot of M vs. T and computed (𝜕𝑀/𝜕𝑇) vs. T covering 

the temperature range from 2 K to 100 K using the data taken with H = 70 kOe. According to Eq. (4.9), the 

variation of ∆SM vs. T should mirror that of (𝜕𝑀/𝜕𝑇)H vs. T and this is indeed what is observed in Fig. 4.18. 

With decrease in T, M increases, reaching a peak at TP ≃17 K and then M decreases with decrease in T, showing 

weak anomalies at TN and TSG as discussed previously in Fig. 4.6 where plots of χ = M/H and 𝜕(χT)/𝜕T are 

shown. The important points are that for T > TP, (𝜕𝑀/𝜕𝑇) is negative and so (–∆SM) is positive according to Eq. 

(4.8). At T=TP, (𝜕𝑀/𝜕𝑇) is zero making (–∆SM) also zero. For T< TP, (𝜕𝑀/𝜕𝑇) is positive and (–∆SM) is 

negative. This agrees with the plot of (–∆SM) vs. T in Fig 4.18(a) in which we have also marked the positions of 

TP, TN and TSG for H ~ 0 where notable anomalies are observed. 

The above argument can also be used to compare MCE in different magnetic systems. In paramagnets, 

and ferromagnets, M vs. T yield negative (𝜕𝑀/𝜕𝑇), perhaps with an anomaly near TC in ferromagnets. So, in 

these systems (–∆SM) is positive. In antiferromagnets and spin glasses, (𝜕𝑀/𝜕𝑇) is negative (positive) above 

(below) the transition temperature and so a sign change in (–∆SM) vs. T from positive to negative is expected at 

TP as observed in CRO above. The negative (–∆SM) i.e. positive (∆SM) implies that entropy and hence magnetic 

disorder increases when magnetic field is applied. As shown earlier, this is valid for CRO since both TN and TSG 

decrease with increase in H although at different rates.  
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Fig. 4.18: (a) Temperature dependence of magnetic entropy change (-∆SM) computed from M-H isotherms 
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~ 0. (b) Plots of M vs. T measured under ZFC conditions at H = 70 kOe for CRO (right-hand scale) and 

computed –(∂M/∂T) (left-hand scale). 

Fig. 4.17: Magnetic field dependence of the isothermal magnetization for selected temperatures are shown 

for T > TN in (a) and T < TN in (b). 
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This argument using the sign of (𝜕𝑀/𝜕𝑇)H vs. T can also be used to explain the observed sign change 

in (–∆SM) vs. T reported in several other systems (Table 4.1). Most of the systems listed in Table 4.1 are 

antiferromagnets but some ferromagnets and ferrimagnets are also included in which there is a change in the 

sign of (𝜕𝑀/𝜕𝑇)  with change in temperature which correlates very well with the reported change in the sign of 

(–∆SM) vs. T. These results, whose details can be accessed from the references cited in Table 4.1, provide strong 

support for the argument presented above and in Fig. 4.18 regarding the correlation of the sign of (–∆SM) vs. T 

with that of (𝜕𝑀/𝜕𝑇) vs. T in a system. This interpretation of the sign change in the temperature dependence of 

MCE in some magnetic systems is an important contribution of our work.  

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

System ∆H (kOe) TC/TN (K) –∆SM (J/kg-K)(T) Reference 

Co3O4 (NP) 50 34 (TN) 0.78 (at 44 K) 

−0.8 (at 30 K) 

[222] 

ZnCr2O4 90 13 (TN) 0.05 (at 8K) 

−0.15 (at 15K) 

[223]  

NiCr1.7Mn0.3O4 0.15 103 (TC) 0.3 (at 110 K) 

−0.8 (at 85K) 

[224] 

La0.125Ca0.875MnO3 70 125 (TN) 1 (at 140K) 

−4 (at 115K) 

[225] 

Sm0.6Sr0.4MnO3 50 118 (TC) 4 (at 150K) 

−0.3 (at 10K) 

[226] 

Co2Ti0.9Cr0.1O4 1 58.5 (TC) 0.0065 (at 59K) 

−0.0055 (at 35K) 

 [227] 

NdBaMn2O6 90 290 (TC) 

210 (TN) 

4 (at 300K) 

2.5 (at 250K) 

−2 (at 190K) 

[228] 

PrBaMn2O6 11 240 (TN) 

 
−0.1 (at 230K) 

0.3 (at 320K) 

[229] 

Co2TiO4 50 kOe 45 (TN) 

31.7 (TComp)  

0.6 (at 40K) 

−0.8 (at 20K) 

[43] 

La0.7Sr0.3MnO3/SrRuO3 

superlattice 

22 kOe 105 (TN) 

 

0.65 mJ cm-3 K-1 (at 

150K) 
−0.6 mJ cm-3 K-1 

(at 100K) 

[47] 

Mn3O4 20 42.8 (TN) 2 (at 40K) [230] 

MnCr2O4 90 41 (TC) 1.8 (at 30K) [223] 

Co2RuO4 90 15.2 (TN) 

14.2 (TSG) 

0.55 (at 30K) 

−1.44 (at 1.9K) 

our work 

Table 4.1:  Parameters related to the magnetic entropy change (–∆SM) for different oxides. 
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4.4    Conclusions:  

        A summary of the major conclusions from the results presented in this chapter on CRO is as follows: (i) 

CRO orders antiferromagnetically with TN = 15.2 K, followed by cluster spin-glass ordering at TSG ≈ 14.2 K. 

These observations are confirmed by the expected H-dependence of TN and TSG. (ii) The H-dependence of TN 

and TSG is used to construct H-T phase diagram. (iii) The presence of cluster SG phase is further confirmed by 

the analysis of ac susceptibilities in terms of the Vogel-Fulcher and Power laws, temperature dependence of 

magnetic viscosity S, and the temperature dependence of coercivity and exchange-bias for a field-cooled sample 

vis-à-vis zero-field-cooled sample. (iv) The temperature dependence of the paramagnetic susceptibility χp 

(including the effect of χ0 in Eq. (4.1)) is fit to the Curie-Weiss law yielding magnetic moment µ = 4.16µB for 

CRO in good agreement with the expected µ = 4.24µB. and (v) Using molecular field theory, the dominant 

exchange constant J1/kB ≈ 6K between the Co2+ ions on the A-site is determined which is further confirmed by 

fit of χp to high temperature series. (vi) The observed negative MCE below TN is also related to the AFM and 

SG states and the correlation between the temperature dependence of (𝜕𝑀/𝜕𝑇) and (∆SM) observed here in CRO 

is used to explain the observed change in sign of MCE in other oxide systems. And (vii) It is argued that TN is 

determined by super-exchange coupling between Co2+ ions on the A-site, whereas, TSG is due to the random 

nature of the weaker A-B interaction between Co2+ ions on the A-site and randomly distributed Ru3+ ions on the 

B-site of the spinel structure of CRO.  
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Chapter 5 

Magnetic structure of Co2TiO4 and Co2SnO4 using neutron diffraction 
 

For a clear and vivid picture of the magnetic structure and better understanding of the ground state spin 

configuration together with the site dependent magnetic moments, detailed ‘Neutron diffraction’ studies are very 

important. Also, to probe a weak tetragonal distortion and cationic distribution, neutron diffraction data are very 

useful, thus, keeping in view of these aspects we performed detailed low-temperature neutron diffraction 

measurements on the single-crystalline cobalt orthotitanate, Co2TiO4 (CTO) and cobalt orthostannate Co2SnO4 

(CSO) using the E2, E6, and E9 instruments available at the BER II reactor of the Helmholtz-Zentrum Berlin. 

Thus, this chapter deals with a systematic comparative study of the neutron diffraction results of CTO and CSO 

along with the standard magnetization data.  

   
5.1 Brief literature review:  

 
As discussed in previous chapters, substitution of non-magnetic elements (dilution) within the spinel oxides 

at tetrahedral (A) or octahedral (B) sites often induces disorder or lattice distortions. Such issues may generate 

new pathways of magnetic interactions leading to some complex ferrimagnetic ordering with altered ground 

state [141,231-238] and brings about some interesting magnetic phenomena like reentrant spin-glass 

characteristics, magnetic frustration and bipolar exchange bias [21-24,42,230,239-242]. Among various classes 

of spinel compounds that exhibit above properties, CTO, cobalt-zinc titanates (Co2−yZnyTiO4), cobalt-

germanium titanates (Co2GexTi1−xO4) and CSO are some of the best known FiM systems which shows glassy 

behavior just below TN [43,147,243-251]. The magnetic ordering in these compounds have already been studied 

by several authors in polycrystalline form [22-24,43,147,242,245-249]. In this work we focus on the neutron 

diffraction studies of CTO together with the magnetic characterization of a single-crystalline sample and 

compared the results systematically with the polycrystalline CSO. The nature of magnetism in polycrystalline 

CTO was first investigated by Sakamoto and Yamaguchi in 1962 using temperature dependent remanence and 

torque measurements [252]. These authors report FiM behavior in CTO with Néel temperature TN ~ 53 K 

together with displaced hysteresis loops along the magnetization axis at 4.2 K [252]. Further, Ogawa and Waki 

report the temperature dependence of specific heat CP(T) in CTO synthesized by cobalt ammonium sulfate and 

TiO2 as precursors [253]. These authors observed a weak anomaly across 49 K in the CP(T) which is associated 

to the magnetic transition and reported the Debye temperature ӨD ~ 560 K with T3/2 dependence for T < 30 K 

[253]. Later studies by Hubsch and Gavoille reported a semi spin-glass transition TSG ~ 46 K (< TN) in CTO 

[147]. According to this report CTO undergoes a compensation temperature across 30 K where the two-sublattice 

magnetizations balance with each other [147]. In 1991, Gavoille et al. reported that the random anisotropy plays 

a major role on the global magnetic behavior of CTO system [245]. Such random anisotropy originates mainly 

in unsystematic lattice distortions which screen the local charge fluctuations due to large charge difference 

between the electronic configurations of Co2+ and Ti4+ [245].  
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The ac-magnetic susceptibility χac(T) studies by Srivastava et al. reveals few multiple transitions in CTO 

below 20 K which are related to the ‘Gaby and Toulouse’ type mixed phases TM1 and TM2 [246,247]. The χac(T) 

measurements performed in the presence of low dc-bias field dependence (0 ≤ HDC ≤ 150 Oe) for frequency f = 

21 Hz show the first transition at 16.5 K due to a transition from PM to SG state, which disappears as the dc-

bias field approaches to 150 Oe [246]. In 1975, Sherrington and Kirkpatrick (SK) first established the theoretical 

study for such reentrant spin-glass behavior in spinels using mean-field approach [254-256]. Later, Gabay and 

Toulouse extended the SK Ising model calculations to the vector spin-glasses and showed that it is possible to 

have multiple phase transitions such as: magnetically ordered state 
𝑇C or 𝑇N
↔      paramagnetic state 

𝑇M1
↔  mixed phase-

1 
𝑇M2
↔  mixed phase-2 [257-259]. Preciously our research group reported the electronic state of Ti in CTO should 

be Ti3+ instead of Ti4+, unlike the case of CSO system where Sn4+ occupies the octahedral B-sites [22]. Using 

heat capacity, dc-magnetization and χac(T) studies these authors reported that polycrystalline CTO exhibits a 

quasi-long-range ferrimagnetic state below TN ∼ 47.8 K and a compensation temperature Tcomp ∼ 32 K together 

with giant sign reversible exchange bias at low temperatures [22,42,43]. Although a significant frequency 

dispersion was observed in χac(T) of CTO, the mathematical analysis based on the Power-law of critical slowing 

down 𝜏 = 𝜏o [(T-TSG)/TSG]−z yields a higher value of critical exponent z = 16 as compared to z = 6.4 for CSO 

[22,246].  Usually, for a typical SG system the magnitude of z should lie between 4 and 12 [79,260]. Therefore, 

the χac(T) studies reported in Refs. [22,43] reveal a lack of perfect SG transition below TN in CTO as compared 

to CSO (TSG = 39 K < TN = 41 K) even though the ac-susceptibility data follows the A-T line behavior (H2/3 vs 

TP) [43].  

The coexistence of two magnetic phase transitions (FiM and SG states) in CSO is consistent with the semi 

spin-glass behavior predicted by Villain [261] and the experimental observations of Srivastava et al. [246,247]. 

Theoretical studies by Villain reveal that the long-range interactions between the canted local spins are 

responsible for the collective freezing of the transverse spin component at the spin-glass transition [261,262]. In 

all these studies, the samples are of polycrystalline in nature and no single-crystal study has been reported so 

far. Therefore, there is a need to pin down the spin configuration of single-crystals of CTO and its sister 

compound CSO precisely using neutron diffraction measurements below TN. 

 
5.2 Synthesis and characterization details: 

The single-crystalline samples of CTO and CSO were prepared by the floating zone method. For this, the 

ceramic feed rod of CTO sample was first prepared using the binary transition-metal oxide precursors; cobalt 

(II, III) oxide (Co3O4) and titanium dioxide (TiO2) of 4N purity powders were taken in appropriate amounts and 

mixed in ethanol. These mixtures were calcined at 500oC for 12 h in air and finally packed in a rubber tube of 

cylindrical geometry of 7 mm diameter and 100 mm length. These cylindrical samples were hydrostatically 

pressed at 2.5 kbars and sintered at 1350°C for 30 h in air (with 200°C/h heating and cooling rates) to obtain 

high density feed and seed rods for the floating zone growth. Small portions were cut-off from a feed rod and 
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used for powder X-ray diffraction and magnetization measurements. The CTO crystals have been grown by 

crucible-free floating zone method in air flow (500 ccm) using the four-mirror type image furnace (CSC, Japan) 

equipped with 1 kW halogen lamps. The pulling rate was maintained at 1.5-2.0 mm/h. The upper and lower 

shafts were counter rotated at 15 rpm in order to suppress temperature fluctuations in the molten zone. The as-

grown ingot was about 55-60 mm in length and about 6.5 mm in diameter with a metallic luster. The powder 

samples of CSO have been prepared by standard solid-state-reaction method similar to the method given in 

section 2.2.1.1. Neutron powder diffraction experiments were carried out on a crushed CTO single crystal using 

the instruments E2, E6, and E9 available at the BER II reactor of the Helmholtz-Zentrum Berlin. The instrument 

E9 uses a Ge-monochromator with neutron wavelength  = 1.309 Å, while the instruments E2 and E6 use a 

pyrolytic graphite (PG) monochromator of neutron wavelengths  = 2.38 Å and  = 2.42 Å, respectively. On 

these instruments powder patterns were recorded between different ranges of diffraction angles: (a) 19.2 and 

95.3° (E2), (b) 5.5 and 136.4° (E6), and (c) 5 and 141.8° (E9). On the instrument E2, neutron powder diffraction 

patterns of single-crystal CTO and polycrystalline CSO were collected at 1.6 (magnetically ordered regime) and 

80 K (paramagnetic region) with very good counting statistics (24 hrs/pattern). In order to improve the 

instrumental resolution during the experiments we have used a 15 min collimator. The temperature dependence 

of magnetic ordering of both CTO and CSO has been investigated on the instrument E6.  

The crystal and magnetic structures of cylindrical form of CTO single-crystal of dimension d = 6.3 mm and 

h = 6.5 mm have been investigated using the four-circle diffractometer E5. The data were collected with a two-

dimensional position sensitive 3He-detector, 90  90 mm (32  32 pixels). The instrument E5 uses a Cu and PG 

monochromator selecting the neutron wavelengths  = 0.896 and 2.39 Å, respectively. The shorter neutron 

wavelength has been used to collect a full data set to examine the crystal structure of CTO in detail. For the 

investigation of the magnetic structure we have used the plane grating (PG) monochromator. To study the crystal 

structure at low temperature, a powder sample (crushed crystal) of CTO was used. Neutron powder patterns 

were collected on the instrument E9 at 2 K and 60 K. Furthermore, we have followed the thermal variation of 

the intensity of prominent nuclear and magnetic Bragg reflections. The refinements of the crystal and magnetic 

structure were carried out with the FullProf suite [263]. In addition to this we have used the program Xtal 3.4 

(Ref. [264]) for the refinements using the single-crystal data of CTO collected at room temperature. For the 

absorption correction (Gaussian integration) we used the absorption coefficient  = 0.75 cm–1. Secondary 

extinction has been corrected using the formalism of Zachariasen (type I) and the following nuclear scattering 

lengths were used [265]: b(O) = 5.805 fm, b(Ti) = 3.30 fm, b(Co) = 2.50 fm, and b(Sn) = 6.228 fm [266]. The 

magnetic form factors of Ti3+, Co2+ and Co3+ ions were taken from Ref. [266]. The ac-magnetic susceptibility 

(χac) and dc-magnetization measurements (M) were performed using a superconducting quantum interference 

device (SQUID) based magnetometer from Quantum-design with temperature ability to reach 2 K from 320 K 

and magnetic field (H) up to ±70 kOe. The low temperature heat capacity data were recorded by means of a 

physical property measurement system (PPMS) from Quantum Design. 
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5.3 Results and discussion: 

 

5.3.1 Crystal and electronic structure: 

 
Figure 5.1 shows the neutron powder diffraction pattern of CTO collected at temperatures between 1.6 K and 

60 K together with their Rietveld refinement data. The calculated patterns (shown in red color) are compared 

with the experimentally observed data (shown in black circles). In the lower part of each diagram the difference 

pattern (shown in blue color) as well as the positions of the nuclear reflections of CTO is shown. In the powder 

pattern collected at 1.6 K magnetic intensity appears at the position of the reflections (111)M. In order to check 

the correctness of the chemical composition we have investigated the detailed crystal structure of CTO. At room 

temperature no additional reflections could be detected, which clearly indicated that the F centering and the d-

glide planes are not lost. For the refinements a total of 1680 (94 unique) reflections were collected in the 2θ 

range from 5.3 to 48.6°. Due to the vastly different scattering lengths of the titanium and cobalt atoms we were 

able to determine the occupancies of these atoms with good accuracy. For the A site and B site the metal atoms 

are located at the Wyckoff positions 8b(⅜,⅜,⅜) and 16c(0,0,0), while the O atoms are located at the position 

16e(x,x,x). During the refinement we allowed to vary the following parameters: (i) the overall scale and 

extinction factor g, (ii) the positional parameter x of the O atom, and (iii) the isotropic thermal parameters of the 

Ti and Co atoms as well as the anisotropic thermal parameters Y11 (= Y22 = Y33) and Y12 (= Y13 = Y23) of the O 

atom. For the A and B sites we have used the constraint occ(Ti) + occ(Co) = 1. Further we have used the 

20 40 60 80 100 120 140

0

2

4

6

0

2

4

6

4
4

0
3

3
3

 /
 5

1
1

3
3

1
4

0
02

2
2

N

M

2 (degrees)

1.6 K
(1

1
1

) M

N

(b)

4
4

0
3

3
3

 /
 5

1
1

3
3

1
4

0
0

 60 K

In
te

n
si

ty
 (


1

0
3
 c

o
u

n
ts

)

2
2

2

(a)

Fig. 5.1: Rietveld refinements of the neutron powder diffraction data of CTO collected at 1.6 K and 60 K. 

The crystal structure was refined in the cubic space group Fd-3m. The calculated patterns (red) are compared 

with the observed one (black circles). In the lower part of each diagram the difference pattern (blue) as well 

as the positions of the nuclear reflections of CTO are shown. In the powder pattern collected at 1.6 K 

magnetic intensity appears at the position of the reflections (111).  
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constraint for the isotropic thermal parameters Y of the atoms of the A and B sites. This is due to the fact that 

the scattering power of the B site is strongly reduced by a partial compensation of the positive and negative 

scattering lengths of the Co and Ti atoms. However, the refinements resulted in a satisfactory residuals RF = 

0.043 defined as RF = ∑(Fo
2 − Fc

2) / ∑Fo
2. For the A site we have obtained the occupancies occ(Ti) = -

0.031(16) and occ(Co) = +1.031(16). This clearly shows that the A site is fully occupied with Co2+ ions. On the 

other hand, the occupancies of the B site were found to be occ(Ti) = 0.513(8) and occ(Co) = 0.487(8). These are 

very close to the expected values of 0.5. Thus, our investigation does confirm the highly unusual oxidation state 

of Ti ions (+3) in the crystal structure of CTO phase when prepared in air. For the extinction parameter g, which 

is related to the mosaic distribution, we obtained the value g = 929(113) rad–1. The results of the refinements are 

summarised in Table 5.1.  

       In order to investigate the structural properties at low temperature we have collected neutron powder 

diffraction data on E9 at 1.6 and 60 K (Fig. 5.1), in the magnetically ordered regime as well as in the 

paramagnetic region. In Fig. 5.1 it can be seen that additional intensity occurs at the position of the reflection 

(111) due to a ferrimagnetic ordering at 1.6 K, which will be discussed in detail in the following section. 

Furthermore, in the low-temperature powder pattern we could not found any peak splitting or broadening. 

Therefore, within the instrumental resolution we cannot find a transition to a lower symmetric structure. For 

example, the normal spinel NiCr2O4 shows a transition from the cubic space group Fd-3m to tetragonal one with 

the space group I41/amd followed by another transition into an orthorhombic structure with the space group 

Fddd [267]. A refinement in the next lower symmetric space group I41/amd resulted in lattice parameters aorth = 

atet 2 = 8.4402(14) Å, and corth = ctet 2 = 8.4416(29) Å. Further, in Table 5.1 it can be seen that the changes of 

the refined parameters are negligible from 297 K down to 1.6 K. Interestingly, our single-crystal data showed 

that the thermal variation results in a strong change of the intensity of strong nuclear reflections (Fig. 5.2).  

       

E5, sc Fd-3m x y z Y11 Y12 

Co22+ 8b 3/8 3/8 3/8 0.51(7) - 

Ti3+/Co13+ 16c 0 0 0 0.51 - 

O 32e 0.24002(11) 0.24002 0.24002 1.06(5) −0.23(2) 

Lattice parameter: a = 8.4440(4) Å at 297 K, RF = 0.043 

E9, pc Fd-3m x y z Ys  

Co22+ 8b 3/8 3/8 3/8 0.80(2)  

Ti3+/Co13+ 16c 0 0 0 0.80  

O (at 60 K) 32e 0.23937(6) 0.23937 0.23937 1.07(2)  

Lattice parameter: a = 8.4413(2) Å at 1.6 K, RF = 0.047; a = 8.4421(2) Å (60 K), RF = 0.062 
 

Table 5.1: Results of the refinements of the single-crystal (sc) neutron diffraction study of CTO collected 

on E5 at 297 K. The refinement of the crystal structure was carried out in the cubic space group Fd-3m (cell 

choice 2). The thermal parameters Yij (given in 100 Å2) are in the form exp[−22(Y11 h2a*2 + …2Y13 hla*c*)]. 

For symmetry reasons one finds for the O atom x = y = z, Y11 = Y22 = Y33, and Y12 = Y13 = Y23. In the lower 

part of the Table the positional and isotropic thermal parameter of the O atoms are given as obtained from 

the neutron powder diffraction study (pc) on E9 at 1.6 and 60 K, respectively.  
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The strong increase of the (400) reflection of about 65% (from 60 K down to 8 K) cannot be purely ascribed to 

an increase of magnetic intensity. From our powder data collected on E2 the increase is only 16%. In this case 

the increase in the intensity of the neutron powder diffraction peak (400) can be purely ascribed to an onset of 

the magnetic ordering, because of the absence of secondary extinction. On the contrary, for the single crystal 

one can clearly confirm the presence of extinction effects from the crystal structure refinements as discussed 

above. Such effect can be ascribed to a change of the orientation of mosaic blocks in the single crystal caused 

by strain effects and results in an increased broadening of Bragg reflections with decreased extinction. Since the 

extinction coefficients ‘y’ refer to the reductions in F2 (y ~ Fobs
2/Fcal

2), the intensities of the strongest reflections 

are significantly affected. Moreover, for the reflection (222), which is at 60 K even stronger than the (400), this 

effect is much less pronounced. Here we found an increase of only 7% and 14% from the powder (E2) and the 

single-crystal diffraction (E5) experiments, respectively. This indicates that the change of mosaicity (or 

extinction) is anisotropic at low temperature. This effect was also observed by a high-resolution synchrotron 

powder diffraction study of Ni0.85Cu0.15Cr2O4, where a strong peak broadening was observed for (400), whereas 
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Fig. 5.2: Temperature dependence of nuclear and magnetic Bragg reflections of CTO single crystal. The 
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= 50 K. The presence of the magnetic reflection 200 can be ascribed to an additional weak antiferromagnetic 

ordering. The strong increase of the 400 indicates the existence of anisotropic change of the mosaicity in the 

crystal.  
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the reflection (222) remains unchanged [267]. Thus, the strong anisotropic strain broadening is essentially based 

on competing Jahn-Teller effects acting along different crystallographic axes. For the Co2+ ions at the A site, 

which have the 3d7 configuration, cooperative distortions of the CoO4 tetrahedra through the Jahn-Teller effect 

should be absent. Nevertheless, electronic energy could be gained for the Ti3+ and Co3+ ions having the 3d1 and 

3d6 configurations, respectively. For both ions the t2g levels are expected to split into a lower dxy level and a 

higher twofold generate dxz/dyz level. Thus, one would expect for both ions tetragonal distortions with a c/a ratio 

smaller than 1. From the refined tetragonal lattice parameters of CTO in the space group I41/amd as given above 

we obtained a c/a ratio of 1.0002(7), which is practically equal to 1. On the other hand, it has to be mentioned 

that the reflection (400) measured at 1.6 K was found to be slightly broader than that measured at 60 K (FWHM 

from 0.414° to 0.429°). A similar trend shows the reflection (222) (FWHM from 0.423 to 0.440°). However, the 

observed FWHM values practically represent the instrumental resolution. Therefore, the FWHM of the reflection 

(222) is slightly larger than that of the (400). This confirms that a tetragonal splitting is hard to detect from our 

powder data, since a significant peak broadening should only expect for the reflection (400) (into (400)/(040) 

and (004)). For comparison the reflection (400), measured in our single-crystal experiment, was found to be 

even broader (FWHM = 0.73°) considering the instrumental resolution (FWHM𝑠𝑎𝑚 =

√FWHM𝑜𝑏𝑠
2 − FWHM𝐼𝑛𝑠𝑡𝑟

2  ). As discussed above the intrinsic peak broadening can be ascribed to a rougher 

orientation of mosaic blocks in the single crystal. Due the worse resolution of the PG monochromator and the 

intrinsic peak broadening no change of the peak width is observable between 8 and 80 K. Furthermore, it is 

important to note that CTO does not show a spontaneous structural phase transition, which agrees with our 

neutron powder data. In Fig. 5.2 it can be seen that such a transition is smeared out due to the structural disorder 

in this material. However, extinction effects can give us additional information about the increase of anisotropic 

strain effects, which are locally induced by the Jahn-Teller effect in the CTO single crystal.  

In order to determine the electronic state of all the ions present in the single crystal CTO systems, we 

performed the X-ray photoelectron spectroscopy (XPS) measurements with Al-Kα X-rays as source. Figure 5.3 

shows the photoelectron intensity of the sample versus binding energy (eV) of the core level spectra of (a) Co-

2p (b) Ti-2p and (c) O-1s, and (d) Co-2p (e) Sn-3d and (f) O-1s for CTO single crystal and CSO polycrystal, 

respectively. We noticed two major peaks at 780.58 eV and 795.68 eV associated with the spin-orbit splitting 

(2p3/2 and 2p1/2 levels) which are further deconvoluted into four peaks at 780.35 eV(P1), 782.26 eV(P2), 795.85 

eV(P3) and 797.26 eV(P4) signifying the presence of Co3+ state [Doublet: P2–P4] in addition to the Co2+ [Doublet: 

P1–P3]. In addition, three weak broad satellite peaks were noticed at 773.46 eV (S1), 785.84 eV (S2) and 802.45 

eV (S3). Usually, the energy splitting (∆E) between the two levels due to spin-orbit coupling should be different 

for the divalent and trivalent Co ions with ∆E = 15.7 eV and 15.0 eV for Co2+ and Co3+, respectively [268-270]. 

In the present case for CTO single crystal the separations between the doublet peaks found to be ∆EP1-P3 = 15.5 

eV and ∆EP2-P4  = 15 eV corresponding to the Co2+ and Co3+ respectively.  On the other hand, the highest intensity  
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peak for Ti-2p3/2 centered at 457.93 eV, together with this peak we noticed a second peak across 463.75 eV 

corresponding to Ti-2p1/2 (Fig. 5.3(b)). Usually, Ti ions exhibit tetravalent oxidation state in most of the oxides; 

for example in TiO2 the binding energy separation for doublets of Ti ∆[2p3/2-2p3/2] = 5.7 eV, however, in the 

present case the ∆[2p3/2-2p3/2] = 5.82 eV signifying the presence of Ti3+. The observed position of the peak at 

457.93 eV agrees with the previously reported data of Ti3+ surface defects in TiO2 system [271]. Moreover, our 

observations rule out the presence of any metallic ‘Ti’ ions in CTO matrix which usually show their signatures 

in XPS spectra at 454 eV [272]. Fig. 5.3(c) shows the core level spectra of O-1s which requires a minimum of 

three Gaussian-Lorentzian peaks to reproduce the experimentally observed XPS spectra. These deconvoluted 

peaks are centered at 530.03 eV, 532.20 eV and 533.63 eV signifying the presence of surface oxygen, metal-

ligand bonding and excess oxygen present in the system [268-270,138,273,274]. On the contrary, the Co-2p 

XPS spectrum (Fig. 5.3(d)) for CSO deconvoluted only into two major peaks at 780.6 eV and 796.3 eV, with 

satellite peaks at 786.15 eV and 802.4 eV. The binding energy seperation ∆E between the two major peaks (2p3/2 

and 2p1/2) is 15.7eV, which confirms the presence of divalent oxidation state of Co i.e. Co2+, and no additional 

signatures for the Co3+ state are observed in CSO. Fig. 5.3(e) shows the Sn-3d core level XPS spectrum for CSO 

which exhibits sharp peaks at 485.65 eV and 494.8 eV and a weak shoulder at 496.75 eV signifying the presence 

of the Sn4+ state. The O-1s XPS spectra (Fig. 5.3(f)) show the characteristics of Co–O lattice oxygen and surface 

oxygen. As compared to the single crystal O-1s core level spectra there is a significant asymmetric peak 
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Fig. 5.3: The X-ray photoelectron spectra (XPS) of (a) Co-2p, (b) Ti-2p and (c) O-1s peaks of single crystal 

CTO and (d) Co-2p, (e) Sn-3d and (f) O-1s peaks of polycrystalline CSO. 
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broadening was noticed which may be associated with the presence of increase in surface oxygen vacancies 

[275]. Usually polycrystalline samples contain many grain boundaties and dislocations as compared to the single 

crystalline sample. Moreover, in polycrystalline cobalt orthotitanate the peak positions are shifted towards higher 

binding energy (and an additional peak at 527.8 eV) due to the significant role of electronegativity (since the 

oxygen ions are linked with different electronic states of cobalt and titanium ions) [276]. On the contrary, in 

cobalt orthostannate the oxygen ion is bonded with only divalent cobalt ions at both tetrahedral-A and 

octahedral-B sites along with the tetravalent stannus ions, therefore electronegativity play a small role [276]. 

From this analysis we observed that CTO single crystal exhibits electronic structure (give as [Co2+][Co3+Ti3+]O4) 

similar to that of the polycrystalline samples reported recently [22]. 

 

 5.3.2 Microscopic magnetic moments and magnetic structure: 

       For a detailed understanding of the magnetic order in CTO we have collected the powder patterns on the 

instruments E2 and E6. It has already been mentioned above that Co2+ occupies the A site, and the magnetic ions 

Ti3+ and Co3+ statistically occupies the B site. Complementary to this study we also have investigated the 

magnetic ordering of CSO to separate out the individual contributions of the Co2+ and Co3+ ions. In this 

compound the B site is occupied with magnetic Co2+ and diamagnetic Sn4+ ions. Neutron powder diffraction 

patterns of CTO and CSO were collected at 1.6 and 80 K on the instrument E2. In Fig. 5.4 it can be seen that the 

intensities of the nuclear Bragg reflections are significantly different for CTO as compared to CSO. This can be 

attributed to the strongly different scattering lengths of the Ti and Sn atoms. The refinements of structural 

parameters at 80 K resulted in satisfactory residuals of RF = 0.031 (CTO) and RF = 0.014 (CSO). In contrast, the 

difference patterns of both compounds (Fig. 5.4) look very similar indicating that their magnetic structures are 

practically the same. Here all magnetic intensities were found to be on the positions of allowed nuclear Bragg 

reflections, which indicate a FiM ordering between the atoms located at the tetrahedral and octahedral sites. 

Figure 5.4 shows that both the strongest magnetic intensities can be observed at the position of the reflection 

(111). The only difference arises through the presence of the magnetic reflection (200)M in the powder pattern 

of CTO, which is forbidden for the cubic space group Fd-3m. Thus, the presence of this reflection suggests a 

loss of at least one of the d-glide planes resulting in an additional antiferromagnetic ordering with a moment 

direction perpendicular to the ferrimagnetic ones. Magnetic intensity of the (200)M can be generated, if the 

moments of the Co1(Ti) atoms at the positions (1) 0,0,0; (2) ¾,¼,½; (3) ¼,½,¾; (4) ½,¾,¼ show the spin 

sequences +−−+, +−+− and ++−−. Due to the fact, that the reflection (200)M could only be observed 

for CTO the existence of an additional AFM ordering in CSO can be excluded. 

 A similar type of ordering was found for the Cu-rich chromites in the system Ni1-xCuxCr2O4 [277]. In both 

spinel types one finds strong exchange interactions between the atoms located at the tetrahedral and octahedral 

sites resulting in a ferrimagnetic spin alignment. For the chromites, where orthorhombic distortions (space group 

Fddd) are strongly pronounced, the ferri- and antiferromagnetic components were found to parallel to the a and  
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c axis, respectively. Further it has to be mentioned that in NiCr2O4 the ferrimagnetic and the antiferromagnetic 

transition sets in at two different magnetic transition temperatures, where the magnetic ordering can be described 

with two different propagation vectors [277].  

 In contrast to the system Ni1-xCuxCr2O4, we could not distinguish the difference between the three cubic axes 

of CTO and CSO. For the Co2+ ions (in our case Co2) at the A site, which have the 3d7 configuration (eg
4t2g

3), 

cooperative distortions of the CoO4 tetrahedra through the Jahn-Teller effect should be absent. Assuming a high-

spin state three unpaired electrons in the t2g level give a magnetic moment µeff = g · S = 3.0 µB. On the other 

hand, electronic energy could be gained for the Ti3+ and Co3+ ions (in our case Co1) having the 3d1 (t2g
1eg

0) and 

3d6 (t2g
4eg

2) configurations, respectively. For both ions the t2g levels are expected to split into a lower dxy level 

and a higher twofold generate dxz/dyz level. Here Ti3+ have one and Co3+ have four unpaired electrons and 
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Fig. 5.4: Neutron powder patterns of (a) CSO and (b) CTO at 1.6 (blue) and 80 K (red) collected on the 

instrument E2. Due to the vastly different scattering lengths of the Ti and Sn atoms the intensities of the 

nuclear reflections of CTO and CSO strongly differ. In contrast, the difference patterns (black) of both 

compounds are very similar indicating that the magnetic ordering is practically the same. The only difference 

arises through the presence of the magnetic reflection (200)M in the powder pattern of CTO. The observed 

and calculated powder patterns of (c) CSO and (d) CTO as obtained from Rietveld refinements are compared 

in the right part of the figure. The calculated patterns (red) are compared with the observed one (black circles). 

In the lower part of each diagram the difference pattern (blue) as well as the positions of the nuclear 

reflections of CTO are shown. For comparison the calculated of the pure nuclear part (green) is also shown. 

The sample of CSO contains a small impurity of SnO2. The positions of the strongest reflections are marked 

with stars. 
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accordingly one expects magnetic moments µeff = 1.0 µB and µeff = 4.0 µB, respectively. Therefore, we have used 

in the refinements, as described in detail below, of CTO a constraint µ(Co3+) = 4 µ(Ti3+).  

 Interestingly, in Fig. 5.4 it can be seen that the magnetic peak (111)M of both CTO and CSO is much broader 

than the nuclear one (111) observed for CSO. The Rietveld refinements of the powder patterns of both CTO and 

CSO (collected on E2) resulted in the best fit for the nuclear reflections, where a pure Gaussian profile was used. 

In contrast, for the magnetic reflections, a pure Lorentzian resulted in the best fit. Usually, the diffraction profiles 

of both the nuclear and magnetic reflections are expected to be the same. The origin of the peak broadening of 

the magnetic (111)M reflection in the powder pattern may be related to the disorder of the Ti and Co cations at 

the B site, which form perfect-crystal microdomains (called magnetic mosaic blocks) leading to a Lorentzian 

distribution. On the other hand, the absence of secondary extinction in the powder diffraction data signifies the 

fact that the magnetic moments are not perfectly ordered. Usually in the case of a perfect 3-dimensional magnetic 

order, one would expect the similar peak profiles as observed in the case of nuclear ones. The cause of this effect 

might be the statistical distribution of Co and Ti/Sn atoms at the B site. Therefore, one can assume that a part of 

the moments shows a partial disorder in a so-called spin-glass state (the ac-magnetization dynamics discussed 

later provides further evidence to the existence of spin-glass state in the CTO single crystals). In order to estimate 

the degree of 3-dimensional magnetic ordering we have deduced the correlation lengths (defined as  = 

1/HWHM) from the strongly broadened magnetic reflection (111)M. For CTO, where the magnetic reflection 

(111)M is much stronger pronounced that the nuclear one (111), we could obtain from the neutron powder data  
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Fig. 5.5: Temperature dependence of magnetic moments of the cobalt and titanium atoms in CTO. Below 

the Curie temperature TC = 50 K the magnetic moments of Co1 and Ti atoms located at the B site are coupled 

antiparallel to the moments of the Co2 atoms located at the A site. During the refinement we have used a 

moment ratio (Co3+)/(Ti3+) = 4. As well as the moment direction parallel to the a axis. 
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the correlation length  ~ 15 Å. For comparison, the obtained correlation length  ~ 20 Å, obtained from the 

single-crystal data, was found to be somewhat larger. However, in the present study we have used the integrated 

magnetic intensities of both CTO and CSO to estimate the magnitude of the magnetic moments (µ). The results 

of the refinements are summarized in Figs. 5.4, 5.5 and in Table 5.2. For the Co2+ and Co3+ ions one finds three 

and four unpaired electrons, respectively. Assuming a spin-only system the expected theoretical magnetic 

moments (µeff = g S µB) are µeff = 3.0 µB (Co2+) and µeff = 4.0 µB (Co3+).  Assuming Co2+ on the A site and Co3+ 

on the B site it can be seen that the experimental moments are somewhat reduced, where one finds for Co1 atoms 

on the B site µtot(Co1) = 3.17(5)µB (E2) and µtot(Co1) = 2.94(6)µB (E6), and for the Ti atoms µtot(Ti) = 0.79(2)µB 

(E2) and µtot(Ti) = 0.74(2)µB (E6). For Co2 on the A site the moments are µtot(Co1) = 1.62(4)µB (E2) and 

µtot(Co1) = 2.11(4)µB (E6). Due to the much better counting statistics on E2 we were able to determine the z 

component of Co1/Ti with better accuracy. Here we found the values µx(Co1) = 0.89(9)µB and µx(Ti) = 

0.22(2)µB. For CSO the strongest magnetic intensity was also found at the position of the reflection (111). In 

Fig. 5.4, it can be seen that the nuclear intensity of the (111) of CSO is rather strong, whereas in the case of CTO 

it was negligible. Therefore, the magnetic moments could not be determined with same accuracy as those of 

CTO. Interestingly for CSO no intensity could be observed on the position of the reflection 200 (as shown in 

Fig. 5.4), suggesting the absence of an additional AFM component. Due to this reason we were not able to 

determine the temperature dependence of magnetic moments of CSO precisely from our E6 experimental data. 

Therefore, in Fig. 5.5 we only present the temperature dependence of the magnetic moments of the cobalt and 

titanium atoms in CTO. Below the ferrimagnetic Néel temperature TN ~ 48.6 K (estimated from ∂(χDCT)/∂T vs. 

T as shown in Fig. 5.6) the magnetic moments of Co1 and Ti atoms located at the B sites are coupled antiparallel 

to the moments of the Co2 atoms located at the A site. During the refinement we have used a moment ratio  

     

Moment CTO, E2 CTO, E6 CSO, E2 CSO, E6 

(Co1), FI 3.04(6) 2.89(6) 2.57(11) 2.18(11) 

(Ti), FI 0.76(2) 0.72(2) - - 

(Co1), FI 0.89(9) 0.55(17) - - 

(Ti), AF 0.22(2) 0.14(4) - - 

tot(Co1) 3.17(5) 2.94(6) 2.57(11) 2.18(11) 

tot(Ti) 0.79(2) 0.74(2) - - 

(Co2), FI 1.62(4) 2.11(4) 2.04(7) 1.97(6) 

RM 0.058 0.083 0.060 0.124 

Table 5.2: Magnetic moments (in B) of the Co and Ti atoms in CTO and CSO at 1.6 K as obtained from 

the refinements using the neutron diffraction data collected on the instruments E2 and E6. In the space group

mFd3  (cell choice 2) the magnetic Co1(Ti) atoms are located at the positions (1) 0,0,0; (2) ¾,¼,½; (3) 

¼.½,¾; (4) ½,¾,¼; while the Co2 atoms are located at (1) ⅜,⅜,⅜; (2) ⅛,⅝,⅛, respectively. The 

ferrimagnetically (FI) and antiferromagnetically (AF) coupled moments are lying orthogonal to each other. 
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Fig. 5.6: The temperature variation of the magnetization M(T) recorded under zero-field-cooled (ZFC) and 

field-cooled (FC) conditions with H = 100 Oe for CTO single-crystal. The inset shows the plots of d(χT)/dT 

versus T of CTO single-crystal at various external fields Hdc = 100 Oe (ZFC and FC), and 1000 Oe (ZFC). 

The two-sublattice magnetizations balanced each other at the compensation temperature TCOMP ~ 30.4 K 

(vertical orange color arrow) below the Néel temperature (indicated by the vertical olive color arrow). At 

low-temperature (<10 K) the difference (ΔM) between the magnetization values MZFC and MFC is 

approximately 1.38 emu/g. 
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µ(Co3+)/µ(Ti3+) = 4. As well as the moment direction parallel to the ‘a’ axis. Moreover, in order to obtain the 

effective magnetic moment μeff, the temperature dependence of inverse paramagnetic susceptibility curves χZFC
-

1(T) (χZFC = MZFC/H) (Fig. 5.7) for CTO single-crystal and poly-crystal are fitted to the experimental data with 

the Néel’s expression for ferrimagnets viz. 1/χ = (T/C) + (1/χ0) – [σ0/(T−θ)] [186]. A systematic comparison of 

all the fitting parameters including the molecular field constants (NAA, NAB and NBB) and exchange constants (JAA, 

JAB and JBB) obtained from the above analysis for CTO single and polycrystalline samples are listed in Table 5.3. 

The effective magnetic moment μeff = 7.526 μB/f.u. of CTO is determined by using the relation C = Nμeff
2/3kB. 

Since the tetrahedral co-ordination does not allow orbital contribution, the magnetic moment at A-site of Co2+ 

ions is fixed as μ(A) = 3.87 μB with spin S = 3/2 and g = 2 and μ(B) = 6.46 μB is determined using the formula 

µeff
2 = [µ(A)]2 + [µ(B)]2 for CTO single crystal which yields ferrimagnetism below ‘TN’ with net small moment 

of 2.59 μB/f.u. and these values are greater (1.32 μB) than their polycrystals. The experimentally obtained value 

μeff = 7.526 μB for CTO single crystal is slightly larger (~1.04 μB per formula unit) than the theoretically predicted 

value 6.48 μB(= √[(3.87μB)
2]𝐴=Co2+ + [(1.73μB)

2]𝐵=Ti3++[(4.9μB)
2]𝐵=Co3+). This is due to the significant 

role of orbital contribution of the cations occupying the octahedral sites. Note that in the present case the trivalent 

titanium ions Ti3+ with its 3d1 electronic configuration has magnetic moment μ = 1.73 μB. Considering the 

magnetic moment of Ti3+, μeff = 7.526 μB and μ(A) = 3.87 µB our calculation yields the total moment of μ(Co3+) 

~ 6.218 μB, which is greater than its spin-only moment 4.9 μB signifying the orbital contribution (1.318 μB) in 

the octahedral sites. On the contrary, no such orbital contribution was noticed for the polycrystalline CTO which 

exhibits μeff = 6.5 μB/f.u. and is less than the μeff obtained for single-crystal but higher than the isostructural 

compound CSO. The important difference between the CTO and CSO is that the B sites are occupied by trivalent 

Co and Ti in CTO both of which exhibits non-zero magnetic moment, however, non-magnetic tetravalent Sn 

and divalent Co fills the octahedral B sites in CSO. Consequently, the effect of magnetic dilution is expected to 

be very less in CTO as compared to its sister compound Co2SnO4. The strength of the antiferromagnetic exchange 

coupling between the two Co2+ spins on the tetrahedral “A” and octahedral “B” sites is often termed as  

 

Systems C 

(emu K mol-1 

Oe-1) 

χo 

(emu mol-1 

Oe-1) 

σo 

(emu-1Oe mol 

K) 

θ 

(K) 

μeff 

(μB) 

μ (A) 

(μB) 

μ (B) 

(μB) 

CTO 

(Single-

crystal) 

7.087 0.035 99.812 46.736  7.526 3.87 6.46 

 NAA 

63.453 

NBB 

41.372 

NAB 

84.385 

JAA 

11.98 kB 

JBB 

12.32 kB 

JAB 

14.66 kB 

CTO 

(Poly-

crystal) 

5.245 0.0419 31.55 49.85 6.5 3.87 5.19 

 
NAA 

17.319 

NBB 

12.720 

NAB 

35.700 

JAA 

3.25 kB 

JBB 

4.47 kB 

JAB 

3.18 kB 

Table 5.3: The list of various parameters obtained from the Néel fits of 𝜒𝑍𝐹𝐶
−1  versus T curve recorded under 

zero-field-cooled condition for both single-crystal and polycrystalline CTO. 
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asymptotic Curie temperature Ta = C/χ0. The corresponding value of Ta are 202.48 K and 125.18 K for single 

crystal and polycrystalline CTO, respectively. Another key feature of CTO is the observation of compensation 

effect at TCOMP ~ 30.4 K below the FiM ordering temperature. In order to confirm the spin-glass behavior a 

detailed frequency dependence (0.17 Hz ≤ f ≤ 1200 Hz) of ac-magnetic susceptibility studies were performed. 

Figure 5.8 shows the temperature dependence of real- and imaginary-components of χac(T) (= χ′(T)  + i χ″(T) ) 

for different values of ‘f’. For these measurements the peak-to-peak amplitude of ac-magnetic field hac is set to 

~ 4 Oe with negligible HDC. It is clearly evident that the peak maximum (TP) in χʹ(T) shifts towards higher 

temperature side with increasing the frequency which is a typical characteristic of spin-glass system. To examine 

such behavior, the variation of TP with-respect-to f has been analyzed using the dynamic scaling-laws both V-F 

and P-L which is discussed in Chapter 4. The scattered points shown in Fig. 5.9(a) show the logarithmic variation 

of TP as a function of ‘τ’ and the straight lines represent the least square fits (ln [τ] against ln[(T – TSG)/TSG]) to 

the TP data obtained from χac(T). This fitting analysis yields the following parameters for the single crystal of 

CTO: fo = 3.746×1025 Hz, TSG = 46.85 K and ‘zν’ = 12.04 ± 0.05 for TP(χʹ) and fo = 3.746×1016 Hz, TSG = 41.59K 

and ‘zν’ = 2.17 ± 0.05 for TP (χʺ). The magnitudes of ‘fo’ and ‘zν’ are consistent with the glassy characteristics  
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Fig. 5.8: Temperature dependence of ac-magnetic susceptibility of CTO single crystal (a) real component 

χ′(T), and (b) imaginary χ″(T) components measured at various frequencies between 0.17 Hz and 1200 Hz 

under warming condition using ac-peak-to-peak amplitude Hac= 3 Oe without any external dc-magnetic 

field.  
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of prototype spin-glasses reported in literature [278-281]. On the contrary, our earlier report dealing with the 

polycrystalline CTO samples shows zν > 16 indicating the departure from a proper spin-glass nature [234]. In 

particular, the magnitude of fo ≃ 1016 Hz corresponds to spin-flip frequency of magnetic moments of ions or 

atoms [186,278,282,283]. The solid-lines in Fig. 5.9(b) represents the best fits corresponding to the above 

discussed Vogel-Fulcher law to the experimental data points obtained from χac(T). This exercise yields T0 = 

46.86 K (41.52 K) and f0 = 1.081  1015 Hz (1.07  1015 Hz) for χʹ(χ'ʹ). Usually, the large values of f0 have been 

seen in other spin-glass systems as well, for example AgMn, CuMn, and AuFe which indicates the presence of 

interacting magnetic spin clusters of significant sizes in the investigated system [186,278,279,282,283]. The 

competition between ferrimagnetism and magnetic frustration in the system is the main source of existence of 

spin clusters which leads to a short-range order occurring just below TN. Earlier investigations on the magnetic 

properties of Y0.7Ca0.3MnO3 and La0.96−yNdyK0.04MnO3 (0 ≤ y ≤ 0.4) reported the formation of such spin-clusters 

with short-range order [280,281]. Another important gauge to understand the nature of the spin-glass freezing 

processes is that the determination of relative shift (Φ) of the peak temperature per decade frequency using the 

expression Φ = ∆Tp/(Tp ∆log f), where ∆TP is the change in TP with change in ∆log f which is already discussed 

in Chapter 4. Accordingly, we have calculated the values of Φ = 0.0044 and 0.0052 using χʹ versus T and χʺ  
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Fig. 5.9: (a) Plots associated with the Vogel-Fulcher law ln [τ] versus [1/(T – To)] using the peak positions 

in χ′(T) and χ′′(T) and the solid lines shows the best-fit to experimental data. (b) The logarithmic variation of 

the peak-temperature obtained from χ′(T) and χ″(T) (i.e. Power law analysis ln [τ] versus ln([T − TSG]/TSG)) 

the solid line represents the best fit to the experimental data. 
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versus T, respectively. Usually, Φ parameter should lie between 0.005 and 0.05 for typical spin-glasses [78]. 

Thus, the values of Φ estimated from both real- and imaginary components of χac(T) are consistent with the  

literature data on spin-glass ordering and is supporting the scaling analysis discussed above. Further evidence to 

the spin-glass behavior in CTO single crystals was noticed from the temperature dependence of heat-capacity 

CP(T) (Fig. 5.10). The fact that peak in ‘CP’ at ‘TN’ in H = 0 is quite weak compared to peaks observed in typical 

second order transitions in 3D systems is due to unconventional ordering in CTO (lack of proper long-range 

order and the presence of spin-glass-like features). Therefore, the absence of sharp peak in the CP(T) is a well-

known characteristic feature of the existence of disordered spin configuration and proof to the existence of spin-

glass nature [284]. 

The temperature variation of CP/T (Fig. 5.10) for T < 100 K for Hdc = 0, 10 and 50 kOe suggests the 

entropy loss due to spin-glass-like ordering starting near to TP2 (Figs. 5.6 and 5.10). The zero-field CPT
-1 data 

shows a weak hump across the TN (=TP2) and without any signatures across the compensation point TCOMP. 

However, after applying the field a sharp transition across TCOMP emerged with complete suppression of the 

hump observed across TP2. There is a one-to-one concurrence between the location of these anomalies and the 

sharp transitions noticed in χdc(T) data at 48.18 K and 30.4 K. Nevertheless, no significant measurable difference 

was observed in the CP values measured at H = 0 and 50 kOe except the emergence of TCOMP and disappearance 

of weak anomaly across TN. Nonetheless, a rapid decrease in CPT
-1 with decreasing T beginning near 25 K (a  
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Fig. 5.10: The temperature dependence of specific-heat CPT−1(T) measured at different magnetic fields (0, 1 

and 2 T) of CTO single-crystal. The inset shows temperature dependence of heat-capacity data CP(T) with 

individual contributions of lattice specific-heat (CL(T) olive-color solid line), magnetic (CM(T) red-color 

solid circles) and total specific-heat (blue circles).   
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hump across 18 K), indicating further changes in the magnetic ordering of the system. These anomalies are 

clearly evident in the computed plots of differential magnetic entropy ∂SM/∂T versus T curves. It is well known 

that in magnetic materials the total specific heat CP(T) consists of two main components: the first one is due to 

lattice specific heat (CL) and the second contribution is from magnetic counterpart (CM). The lattice contribution 

consists of the electronic part Ce and the phonon part CPhonon = NfD(ΘD/T) = 9NR(T /ΘD)3∫
𝑥4𝑒𝑥

(𝑒𝑥−1)2
𝑑𝑥

𝜃𝐷
𝑇
0

, where 

fD(ΘD/T) = 9R (T/ΘD)3∫
𝑥4𝑒𝑥

(𝑒𝑥−1)2
𝑑𝑥

𝜃𝐷
𝑇
0

 is the single Debye function, N is the number of atoms per formula unit, R 

is the universal gas constant (8.314 J/mol K), and ΘD is the Debye temperature [253]. Usually, the electronic 

contribution is significant only at very low temperatures, the phonon contribution has been extracted from the 

total specific heat. For this we fitted the experimentally obtained heat capacity data using Debye function 

[fD(ΘD/T)] at temperatures much higher than the TN where the magnetic contribution vanishes [285]. For the 

single crystalline CTO the extrapolated data are shown in the inset of Fig. 5.10. The solid continuous line depicts 

the contribution of the phonon and the solid-circles represents the magnetic-specific heat component individual 

derived from the above relation. Consequently, we obtained ΘD = 554.16 K which is higher than the ΘD = 525 
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Fig. 5.11: Temperature dependence of ac-magnetic susceptibility (a) real part χ′(T), and (b) imaginary χ″(T) 

components of single crystalline CTO system measured at three different bias fields Hdc (10, 20 and 30 Oe) 

at a constant frequency of 2 Hz and ac-magnetic field peak-to-peak amplitude of 4 Oe. The inset shows peak 

splitting in χ′(T) which is significant at higher values of Hdc. 
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K pure Co3O4 reported by Roth [87] but consistent with the polycrystal data and are in close agreement with ΘD 

= 560 K reported by Ogawa and Waki for CTO [253]. Furthermore, the temperature variation of the ∂SM/∂T (= 

CMP/T) exhibit a hump across 18 K and a sharp peak across the TCOMP of CTO at high fields (≥ 1 T) typical for 

a first-order-like transitions, however, this field-dependent anomaly is not sharp at low fields. Previous studies 

from Ogawa and Waki reveal that the CP(T) data of CTO follow the simple T3/2 dependence in a narrow range 

of temperatures, whereas, the modified T3/2 dependence (according to the equation CM = (kB/8)(kBT/πℏa)3/2 F(x)) 

was noticed over a wide range of temperature (5-30 K). The effective anisotropy constant Ka (~1.2×105 erg/cc) 

estimated by them is less than Ka = 9.3×105 erg/cc obtained from the present case (at T = 10 K). 

Extensive ac-magnetization studies on polycrystalline CTO and CSO reported by Srivastava et al. 

observed four different transitions in the χac(T) data recorded in the presence of small probing external dc-

magnetic field in the range 285 - 460 Oe with f = 21 Hz and Vp-p ~ 0.5 Oe [246,247]. The first two transitions 

and their field dependence given in these reports are in-line with the two transitions observed in the χac(T) data 

(Fig. 5.11) of CTO single crystals measured in the same temperature window as that of frequency dependence 

studies discussed above, however, with a superimposition of a small fixed dc-bias field Hdc =10, 20 and 30 Oe 

similar to that reported in [22]. Figure 5.11 shows the χʹ(T) and χʺ(T) measured at various Hdc with fixed f = 2 

Hz with Hac = 4 Oe. The amplitude of both χʹ(T) and χʺ(T) decreases significantly (~88%) with increasing the 

Hdc by 0.2 %, nevertheless, two peaks are clearly evident in χʹ(T) curves (inset of Fig. 5.11) with the extent of 

splitting increases with increase of Hdc. This behavior is consistent with the two-peak scenario of differential dc-

magnetic susceptibility shown in the inset of Fig. 5.6. Since the out-of-phase component of the χac(T) is related 

with the transverse spin component, the current observations support the co-occurrence of FiM in the 

longitudinal spin component at TN and spin-glass ordering of the transverse spin component at a slightly lower 

temperature across TSG. Such phenomenon of semi-spin-glass state was predicted by Gabay and Toulouse and 

Villain in insulators with non-magnetic impurities [257,261,262].  

 

5.4 Conclusions: 

Here we summarize the salient features of the experimental results obtained from the neutron scattering 

studies on the single crystal compounds CTO and CSO along with the heat-capacity, dc-magnetization and ac-

susceptibility results. Both compounds exhibit strongest magnetic intensity for the (111)M reflection due to 

ferrimagnetic ordering. Also, a low intensity magnetic reflection (200)M was noticed in CTO due to additional 

weak antiferromagnetic ordering. A significant broadening of the (111)M reflection has been observed due to the 

disordered character of the Ti and Co atoms on the B sites. The neutron diffraction study of CTO single-crystals 

showed that some nuclear reflections exhibit a strong increase in their peak intensity below the ordering 

temperature of about 50 K which is associated to a change of the mosaicity of the crystal. The cause of 

anisotropic local strain effects in the crystal appears due to the competing Jahn-Teller effects acting along 

different crystallographic axes in which the t2g levels of both the trivalent cations Ti3+ and Co3+ split into a lower 

TH-2770_166121011



108 

 

dxy level resulting to a higher twofold degenerate dxz/dyz level. As a consequence, one can expect a tetragonal 

distortion in CTO with a c/a ratio less than 1. Nevertheless, our powder diffraction data could not show any 

evidence of peak splitting, which could indicate a transition into a tetragonal structure. Based on the dynamic 

scaling analysis of ac-susceptibility and the heat-capacity measurements, we find that CTO first goes through a 

ferrimagnetic ordering across 48.6 ± 1 K, and then subsequently goes through a reentrant spin-glass transition 

across 46.8 K with critical exponent ‘zν’ = 12.04 ± 0.05 as determined from the frequency dependence of real-

component of ac-magnetic susceptibility χ′(T). From the temperature dependence of heat-capacity CP(T) data 

we estimated the Debye temperature ΘD = 554.16 K for the single crystalline CTO which is significantly higher 

than the ΘD = 525 K for polycrystalline Co3O4 reported by Roth [87]. A weak hump across 18 K was noticed 

from the CPT-1 vs. T data indicating further change in the magnetic ordering which is independent of the external 

applied magnetic field.  
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Chapter 6 

Tunable magnetic properties of Ge substituted Cobalt orthotitanate 
 

 

In extension with the content of previous chapters, here we provide a detailed electronic and magnetic 

structure of Ge substituted Co2TiO4 using the DFT+U calculations. Several important conclusions are drawn 

from this piece of work such as tunable electronic and magnetic structure with respect to the site occupancy 

of Ge atom (cation disorderness), weak tetragonal distortion and large exchange splitting. This chapter is 

organized as follows: first we will provide a brief introduction to the system under investigation, exposing 

the gaps in the literature, theoretical methodology and the discussion of results. Subsequently we summarize 

the key results obtained from these computational study.  

 

6.1 Introduction: 
 

In this section we provide a brief introduction to the end compound GeCo2O4 (=(Ge4+)A[2Co2+]BO4) which 

has been extensively studied due to its unique magnetic behaviour like: long-range AFM ordering below 22 

K, Jahn-Teller distortion (~16 K), orbital frustration, and exclusive field-induced magnetic transitions 

[4,20,148,160,177,286-291]. The neutron diffraction studies revealed the pyrochlore lattice of Co2+ ion and 

a complex crystal structure comprising of alternative planes of Kagomé (KGM) and triangular (TRI) spins 

develop in the system [20,160,148,286]. The different types of exchange interaction in the Kagomé and 

triangular lattice planes generate the magnetic frustration in GeCo2O4 (GCO) [20,160,148,286]. The 

temperature dependent magnetization and the specific heat analysis on this system reveal the presence of 

short-range 2D ferromagnetic order near 100 K which is consistent with the specific studies performed by 

Lashley et al. [290]. Using the high temperature magnetic susceptibility data, Pramanik et al. calculated the 

magnitude of the dominant ferromagnetic exchange constant (J1/kB ~14.7 K) [177]. The authors also 

determined the optical band-gap of the system which is nearly 3.2 eV using diffusive reflectance 

spectroscopy and supported the optical data with DFT calculations as discussed in Chapter 3. Interestingly, 

the field dependence analysis provides the evidence of magnetic field induced transitions at 11 kOe, 44 kOe 

and 97 kOe, which is evident from the recent studies of Pramanik et al. who proposed a H-T phase diagram 

which gives a clear idea about the spin orientation of the magnetic ions in three different regions [177]. 

Besides the basic interesting physics, GCO can be used as electrodes in the storage devices like Li-ion 

batteries which makes it an important compound to explore [177,292,293].  

 There are several studies which suggest some interesting feature shown by Co2TiO4 when Ti is 

substituted with Ge [243,294,295]. For the compositions x ≥ 0.5 generally polycrystalline samples of Co2Ti1-

xGxO4 (CTGO) were unstable due to the presence of a small amount of GCO [243,295]. Strooper et al. 

performed detailed magnetization studies on Ge doped Co2TiO4 (CTGO) and was able to synthesize upto x 

= 0.4 [243]. These authors determined the first nearest neighbour exchange interaction between the A and B 

sites using both paramagnetic susceptibility data and the difference of two Brillouin functions on the 

spontaneous magnetization curves [243]. For the undoped case, they obtained the magnitudes of Curie 
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constant as C = 5.4601 K cm3/mol, and exchange constants as JAB ~ −6.3 K, JAA ~ −4.6 K, and JBB ~ −5.5 

K. Motivated by these studies, in this chapter we present detailed DFT based numerical investigations aiming 

to probe the electronic and magnetic structure of CTGO solid solutions. To the best of our knowledge such 

theoretical study is completely new and has not been reported till now in the literature. Our results fill up the 

miscibility-gap (0.4 ≤ x ≤ 1) in the composition dependent phase diagram of CTGO which is essential to 

understand the electronic, crystal, magnetic structure of these solid solutions.  

The organization of this chapter is as follows: in the next section we present the computational details 

followed by result and discussion where we present the numerical result related to our DFT calculation. Here 

first crystal structure of Ge substituted Co2TiO4 is presented which is followed by the electronic structure 

and magnetic properties of the investigated compound and final section deals with the conclusion.  

 

6.2 Computational details: 
 

To probe the structural, electronic and magnetic properties of the CTGO we employed the DFT studies 

as implemented in VASP whose details are given in Chapter 2. The crystal and electronic structure were 

optimized using the projector augmented wave (PAW) basis-set. We used the Perdew-Burke-Ernzerhof 

implementation of generalized gradient approximation (GGA) for exchange-correlation function as given in 

Section 2.1.3.2 of Chapter 2. The valence electronic configurations used in PAW pseudopotentials are: Co 

(3d84s1), Ti (3d34s1), Ge (4s24p2), and O (2s22p4). The self-consistent calculations 2×2×2 Gamma k-grid 

points with 24 irreducible k vectors and the energy cut off 650 eV have been considered to perform the 

integration in Brillouin zone. Due to the presence of strongly correlated d electrons we adopted the Dudarev’s 

approach (see Section 2.1.4). Accordingly, the effective parameter is represented as Ueff = U – J, where, U 

characterizes the on-site Coulomb correlation and J represents the Hund’s coupling. In the present case all 

the calculations were performed by considering U = 4 eV for both Co atoms, U = 2 eV for Ti atoms and U 

= 0 eV for Ge atoms (see Chapter 3), whereas, J is assumed to be 0 eV. The convergence criteria for the total 

energies and the forces on individual atoms were set to be 10-6 eV and 0.01 eV/Å, respectively. 

As we are interested to probe the electronic and structural properties of Ge substituted Co2TiO4 system 

(CTGO) for a wide range of compositions x = 0-1, a careful procedure is required to prepare the sample. 

Generally quasi-random methods [296,297] and substitutional disorder techniques [298,299] are used for 

such purposes. For our studies we have adopted the substitutional disorder technique for replacing the Ti 

with the Ge in the supercells. In brief we begin with a particular configuration of the parent compound and 

replace the Ti with Ge atoms at randomly chosen sites. Further we prepare several mental copies of the 

structure following the same procedure and compute the total energy of the system. We find that all the 

structures have same energy with negligible variation (~ 10-4) which indicate the formation of good samples. 

As, we move from inverse spinel to normal spinel we introduced a parameter y which is known as cationic 

disorder. In the present study, we considered three different magnitudes of y namely (i) Complete octahedral 

occupancy of Ge (y = 0), (ii) Half way occupancy of Ge atoms at both tetrahedral and octahedral sites (y 

=0.5), and (iii) Ge atoms entirely occupying the tetrahedral sites (y = 1.0). To perform the simulations, we 
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construct a supercell of Co2TiO4, which consists of 112 atoms (16 CoA, 16 CoB, 16TiB, 64 O atoms) and for 

different value of x we substituted the Ti with the Ge atoms (see Fig. 6.1). In the present study, we considered 

different compositions of CTGO which can be expressed as: (A1-xyCxy)tetra[B1-xA1+xyCx-xy]octa. In the Table 6.1, 

we list the cationic configurations at A and B sites for different magnitudes of cationic disorder (y) and 

composition (x). In the following section we present our numerical results for electronic structure and 

magnetic properties of Ge substituted Co2TiO4 using DFT calculations.  

 

 

 

 

 

Compositions (x) y Composition at A site Composition at B site 

 

0.125 

0 

0.5 

1.0 

Co16 

Co15Ge1 

Co14Ge2 

Co16Ti14Ge2 

Co17Ti14Ge1 

Co18Ti14 

 

0.25 

0 

0.5 

1.0 

Co16 

Co14Ge2 

Co12Ge4 

Co16Ti12Ge4 

Co18Ti14Ge2 

Co20Ti14 

 

0.5 

0 

0.5 

1.0 

Co16 

Co12Ge4 

Co8Ge8 

Co16Ti8Ge8 

Co20Ti8Ge4 

Co24Ti8 

 

0.75 

0 

0.5 

1.0 

Co16 

Co10Ge6 

Co4Ge12 

Co16Ti4Ge12 

Co22Ti4Ge6 

Co28Ti4 

 

1.0 

0 

0.5 

1.0 

Co16 

Co8Ge8 

Ge8 

Co16Ge16 

Co24Ge8 

Co32 

Table 6.1: Compositions of A and B sub-lattices in CTGO for different values of x and y. In all the 

calculations, we used a cell size of 112 atoms. 

 

Fig. 6.1: (a) Schematic of the crystal structure of CTGO for different cationic disorder (a) y = 0, (b) y = 

0.5, and (c) y = 1.0.  
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6.3    Results and discussions: 

6.3.1   Cationic disorderness, free energy and crystal structure:  

This section deals with the compositional and cationic disorder driven changes in the free energy of CTGO 

because it is very much necessary to determine the stable and energetically favourable ground state of the 

system for different compositions. Since both the end compounds CTO (x = 0) and GCO (x = 1) exhibit a 

slight tetragonal distortion at low temperatures [149,291], it is worth to study the role of tetragonal distortion 

as well as degree of disorder on the physical properties of the pristine compound for different levels of Ge 

substitution. To find out the favourable structure we calculated the total energy as a function of c/a for eight 

different compositions and three different values of ‘y’. Figure 6.2(a-d) shows the total energy per formula 

unit (E/f.u.) as a function of c/a ratio. For y = 0.0, all the compositions show the lowest energy except for 

the GCO system (x = 1.0) which exhibits the lowest energy for y = 1.0 and is in-line with the recent 

experimental observations [177]. It is quite interesting to see that for all the compositions Ge are favourable 

to occupy the octahedral B-sites, but at the vicinity of the phase boundary (x = 1.0) they prefer the tetrahedral 

A-sites. As the structure changes from inverse to normal spinel the E/f.u. gradually decreases independent 

of any y value for x = 0.125 (y = 0) the value of E/f.u. = - 48.10 eV and for x = 0.875 (y = 0) the value of 

E/f.u. = - 44.15 eV. The corresponding energy difference between the two configurations is ~ 0.11 eV (e = 

(E/f.u.)y=1-(E/f.u.)y=0) considering no tetragonal distortion (c/a = 1). This energy difference, e, gradually 

increases and attains maximum of e = 0.5 eV and 1.48 eV for x = 0.75 and x = 0.875, respectively. Such 

changes become quite significant as system composition approaches close to the pyrochlore stable region of 

GCO in which competing exchange interactions play a significant role which as a result for y = 1.0 shows 

higher energy with respect to the other values of y. The experimental results based on temperature 

dependence of specific heat measurements on similar type of systems reported that the low-temperature 

disorder in the ground state is essentially induced by magnetic frustration [290,300].  

To probe the tetragonal distortion present in the system we calculated the energy difference between 

the cubic structure (c/a = 1) and tetragonally distorted unit cell (c/a ≠ 1) (ΔE = E(c/a=1)−E(c/a≠1)) and plotted 

as a function of c/a ratio, as shown in Fig. 6.2(e-h). Here the pristine compound (x = 0) with only one 

configuration, that is Ti4+ ions at octahedral B-sites exhibit the lowest energy configuration under tetragonal 

configuration than the cubic structure (with c/a > 1) which is discussed in the previous chapter. For y = 0.0 

(complete B-site disorder), for dilute dispersion of Ge (x = 0.125) in the spinel lattice, the system crystallizes 

in perfect cubic structure without any tetragonal distortion. However, with increasing Ge content the system 

exhibits slight distortion, for y = 0.5 (partial B-site disorder situation), the system energetically favours cubic 

structure up to some moderate compositions x ≤ 0.25. Nevertheless, the system remains tetragonal distorted 

with c/a > 1 up till x = 0.75, but beyond x = 0.75, system exhibits c/a = 0.99, a slight shrinkage in the 

tetragonal unit cell due to the different ionic radius of the cations Ge and Ti. For y = 1.0 (complete A-site 

disorder), depending upon the composition the overall system oscillates its energetically favourable situation 

between the tetragonal structure and cubic. For example, the combination of y = 1.0 and x = 1.0, causes the 

system to stable with c/a < 1.0, which is in contrast with the earlier experimental observations where the 
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authors noticed a giant tetragonal distortion with c/a ~ 1.4 [291]. As a special case our calculations with the 

experimental lattice parameters yield very high magnitude of E/f.u. signifying the fact that the experimentally 

obtained parameters are not effective at low-temperatures, especially at absolute temperature where the 

calculated results are valid. Regardless of any composition of y and x values the c/a of this interesting spinel 

system oscillates between 0.99 and 1.01 signifying a mild tetragonal distortion persists in the system (Fig. 

6.2(h)). For x = 1, that is pyrochlore GCO case where Ge atoms disperse from y = 0.0 (B-site) to y =1.0 (A-

site), we noticed a systematic change in c/a ratio. In the following sections, we discuss this scenario more 

clearly in terms of partial density of states of octahedrally coordinated Co ions. 

In order to confirm the most stable ground state configuration we calculated the formation energy 

of the system for three different values of y (see inset of Fig. 6.3(a)). Generally, the ground state formation 

energy was determined from the energy difference between the alloy and the sum of the total energies of 

elements in its actual solid form of weighted over concentration as follows:  

𝐸𝑓𝑜𝑟𝑚 = 𝐸𝐶𝑜2𝑇𝑖1−𝑥𝐺𝑒𝑥𝑂4
− 2𝐸𝐶𝑜 − (1 − 𝑥)𝐸𝑇𝑖 − 𝑥𝐸𝐺𝑒 − 4𝐸𝑂𝑥𝑦                                 (6.1) 

In the above Eq. (6.1), the first term is the total energy in formula unit of the supercell, whereas the last four 

terms are the individual energies corresponding to the elements Co, Ti, Ge and O atoms, respectively. These 

results are in good agreement with previous analysis discussed above pertaining to the energy minimization  
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Fig. 6.2: The variation of total free energy/f.u. [(a), (c), (e), and (g)] and ∆E (=E(c/a=1)− E(c/a≠1)) (meV/f.u.) 

[(b), (d), (f), and (h)] as a function of tetragonal distortion (c/a) ratio for different compositions of CTGO.  
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calculation. For x = 0.125 with perfect inversion the formation energy exhibits minimum value of the order 

of −22.67 eV and the formation energy gradually decrease to −19.42 eV upon increasing the Ge substitution 

for all the values of y. For x = 1.0 without any inversion (y = 1.0) the system possesses lowest energy of ~ 

−18.75 eV. In order to examine the site occupancy of Ge atoms in CTGO system, we propose two distinct 

ways. The first possibility is that the ‘Ge’ atoms occupy the tetrahedral site only for x = 1 or they start 

occupying the tetrahedral sites over a range of compositions before it attains the perfect pyrochlore structure, 

such small zone of compositions (δx) is referred to as Morphotropic phase boundary.  

Generally, the degree of cationic disorder ‘y’ at any finite temperature can be calculated from the 

thermodynamic consideration of cation distributions by treating it as a simple chemical equilibrium 

configuration [301]. According to Navrotsky and Kleppa, the configurational free energy of cation disorder 

per formula unit (ΔF) is given as: ΔF = EC – TΔSC, where the EC is cation disorder energy per formula unit, 

T is the sintering temperature, ΔSC = -kB∑ 𝑝𝑖
𝑏

𝑖,𝑏 ln𝑝𝑖
𝑏 is the configurational entropy, and 𝑝𝑖

𝑏 is the 

concentration of the cations b at the ith sub-lattice [301]. In the present case the cation disorder energy, EC is 

the energy difference between the inverted state and the other disordered states. In order to obtain the 

dependence of EC on the entire range of y we fitted EC with a quadratic relation EC = αy + βy2, where α and 

β are the constants. Following the Kriessmen and Harrison method of quadratic dependence of the cation 
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Fig. 6.3: Variations of the (a) cation disorder energy (EC) and (b) configurational free energy (ΔF) with 

respect to the cation disorder parameter (y) of CTGO, for different compositions ‘x’ at T~1250 K, the 

sintering temperature of the sample. Inset of figure (a) shows the calculated formation energy (Eform) of 

CTGO, whereas, (b) shows the variations of the equilibrium cationic disorder (y0) for different 

compositions of CTGO. 
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disorder energy we determined the EC for y = 0, 0.5 and 1 for different values of x [302]. As a second step 

these energies are fitted with the quadratic equation given above and obtained the variation of EC for the 

entire range of y. At the equilibrium the degree of cation disorder parameter (y0) for any temperature can be 

obtained by minimizing the configurational free energy, ΔF, with respect to y and further the y0 can be 

evaluated for different compositions. Figures 6.3(a) and 6.3(b) show the variation of EC, and ΔF with y for 

different Ge concentration x at sintering temperature T = 1250 K [243]. The variation of EC as a function of 

y shows nearly identical trend for all the x values below 0.75. However, for higher compositions close to the 

morphotropic phase boundary EC(y) displays parabolic variation, specifically, for x = 0.875 such trend is 

more prominent, as the difference between the cation disorder energy is significantly high (EC ≥ 1.8 eV/f.u). 

This result indicates that the disorderness play an important role on the formation energy. In the present case 

EC varies between 0 and 0.4 eV/f.u for lower compositions, whereas, EC reaches more than 1.8 eV/f.u  for 

higher compositions. For these cases except x = 1.0, EC attains a minimum at y = 0.0 which is quite consistent 

with our previous analysis. Similarly, the ΔSC(y) plots reveal gradually increase of entropy with y and for 

most of the compositions the maximum value of change in entropy lies between y = 0.5 and 0.8. However, 

by considering the configurational entropy of the system, we obtained a slightly different result in case of 

ΔF(y) (Fig. 6.3(b)) as compared to EC(y). Summing-up all this variation, in the inset of Fig. 6.3(b) we show 

the compositional dependence of equilibrium cation disorder (y0(x)) which infers that the Ge atoms are more 

favourable to B-site occupancy rather than A-site for low (x < 0.3) and intermediate compositions (0.3 ≤ x ≤ 

0.75) with an anomaly between x = 0.45 and 0.55, whereas for x > 0.875, Ge atoms start occupying the A-

sites. Nonetheless, a sharp increase in y0 is clear as x approaches the morphotropic phase boundary shown 

by the yellow highlighted region before reaching the final stable pyrochlore structure with 100% Ge atoms 

at tetrahedral A-sites.  

After determining the ground state configuration of the system CTGO, we turn our focus on the 

crystal structure, bond-lengths and the variation of lattice parameter as a function of x and y. In Table 6.2 we 

list the lattice parameters a, c and cation-anion bond lengths for different values of x and y. Accordingly, the 

lattice parameters a and c obtained from DFT+U calculations are 8.54 Å (8.62 Å) and 8.50 Å (8.42 Å) for x 

= 0 and 1, respectively. These values are slightly higher than those reported earlier using x-ray diffraction 

measurements which could be due to the choice of GGA while considering the exchange correlation part in 

the Hamiltonian (see Chapter 3). For y = 0, we obtained a ~ 8.54 Å for x = 0.0 which decreases to 8.48 Å for 

x = 1.0 due to the fact that the ionic radius of Ge4+ (~ 0.53Å) is smaller as compared to Ti4+ (~0.61Å). 

However, for the case of y = 0.5 and 1, a non-linear trend was observed in which a varies between 8.4 Å and 

8.6 Å due to unstable structure driven by the cation disorder. But under the limit of dilute dispersion (x ≤ 

0.125) of Ge, system retains almost cubic structure for all the values of y without any distortion, but exhibits 

departure from cubic structure as the Ge substitution increases in Co2TiO4 with slight tetragonality. 

Interestingly, for certain combinations of x and y we observed that the lattice parameter c is much smaller 

than the a. Ascribed to the lower co-ordination number of A-site Ge4+ and shrinkage of ionic radius to 0.39Å 

as a consequence one may notice minor changes in the lattice parameters a and c (Table 6.2). For the case 

of x = 1.0, the contraction of [Co]oct−O bond length is significant along the z-axis hence one may expect   
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decrease of ‘c’, however, the [Co]oct−O bond length expands in the xy-plane giving rise to unequal lattice 

constants leading to c/a ratio deviating from unity.  For x = 0 (Co2TiO4) we obtained the bond-lengths 

[Co]A−O (1.99 Å) that are less than [Co]B−O (2.11 Å) which are in line with the results given in Chapter 3. 

These results are quite obvious as the effective ionic radius of high-spin Co2+ state is 0.58 Å and 0.75 Å at 

A and B-sites, respectively. However, the bond lengths do not change significantly with the variation of x 

and y. For the [Co]A−O case the average bond length varies between 1.96 Å and 2.00 Å, whereas, for the 

octahedral site the average bond length between Co and O varies between 2.10 Å and 2.12 Å associated with 

the weak Jahn-Teller like distortion. The low spin Ge at the tetrahedral A and octahedral B-sites (with 

tetravalent electronic state) exhibits large difference in the effective ionic radius of 0.39 Å and 0.53 Å, 

respectively. As a result, the average bond length of [Ge]A−O (~1.83 Å) is significantly lower than [Ge]B−O 

(~1.97 Å). Therefore, the average bond lengths of the cation and anions at octahedral sites display systematic 

decreasing trend ([Co]B−O > [Ti]B−O > [Ge]B−O) with the shannon ionic radius of the atoms (Co2+ ~ 0.75 

Å > Ti4+ ~ 0.61 Å > Ge4+ ~ 0.53 Å).  

To understand the origin of slight tetragonal distortion present in the CTGO system we interpret the 

data based on the crystal field theory reported by Dunitz and Orgel as discussed in Section 1.6 (Chapter 1). 

Accordingly, the tetragonal distortion and cubic symmetry mainly depends on the electronic configurations 

of the cations occupying the tetrahedral and octahedral sites. In the present case, the A-site Co2+ have the 

electronic configuration (eg)4(t2g)3 while B-site Co2+ configuration is (t2g)5(eg)2. Since, the Ge4+ and Ti4+ do 

not have any d electron so their atoms do not contribute in the tetragonal distortion. From the crystal field 

theory, it is quite clear that the weak tetragonal distortion is plausible due to the presence of Co2+ atom in B-

site, whereas, the Co2+ atom in A-site does not have any contribution. Now, as we increase the cation disorder 

 

 

x  

 

y 

a 

(Å) 

c 

(Å) 

A-site B-site 

Co-O 

(Å) 

Ge-O 

(Å) 

Co-O 

(Å) 

Ti-O 

(Å) 

Ge-O 

(Å) 

0 0.0 8.54 8.62 1.99 - 2.11 2.01 - 

 

0.125 

0.0 

0.5 

1.0 

8.53 

8.53 

8.53 

8.53 

8.53 

8.53 

1.99 

2.00 

1.99 

- 

1.83 

1.83 

2.11 

2.10 

2.11 

2.00 

2.02 

2.02 

1.96 

1.96 

- 

 

0.25 

0.0 

0.5 

1.0 

8.52 

8.54 

8.52 

8.60 

8.54 

8.60 

2.01 

1.99 

2.00 

- 

1.83 

1.84 

2.11 

2.10 

2.12 

2.01 

2.02 

2.01 

1.96 

1.97 

- 

 

0.5 

0.0 

0.5 

1.0 

8.50 

8.51 

8.49 

8.58 

8.60 

8.49 

2.01 

2.00 

1.96 

- 

1.85 

1.84 

2.10 

2.11 

2.11 

2.02 

2.03 

2.03 

1.96 

1.97 

- 

 

0.75 

0.0 

0.5 

1.0 

8.48 

8.49 

8.47 

8.56 

8.41 

8.55 

2.00 

2.01 

1.98 

- 

1.85 

1.84 

2.10 

2.11 

2.12 

2.01 

2.02 

2.03 

1.96 

1.98 

- 

 

1.0 

0.0 

0.5 

1.0 

8.48 

8.46 

8.50 

8.56 

8.46 

8.42 

2.02 

1.97 

- 

- 

1.86 

1.83 

2.10 

2.10 

2.12 

- 

- 

- 

1.97 

1.99 

- 

Table 6.2: The list of parameters viz: Bond distance (cation-anion) and lattice constants in the spinel 

lattice of CTGO for various combinations of ‘x’ and ‘y’ in Å units. 
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y, the presence of tetragonal distortion increases progressively due to the increasing occupancy of Co atoms 

at the B sites. As a result, the degeneracies associated with the eg orbitals increase significantly (c/a ≠1), 

indicating the presence of tetragonal distortion for all the compositions with y = 0.5 and 1 (Fig. 6.2).   

6.3.2 Electronic structure and magnetic behavior:  

In this section we discuss about the variation of electronic density of states (DOS) and magnetic properties 

by focusing the compositional variation and the dependency of cation disorder. Figures 6.4, 6.5 and 6.6 show 

the DOS of CTGO for various Ge composition with different cation disorder y = 0.0, 0.5 and 1.0, 

respectively. The density of states corresponding to Co and Ti play a significant role as compared to the Ge 

states which is quite negligible. For pure Co2TiO4 (x = 0), the top of the valence band mainly consists of t2g 

majority band of the tetrahedral Co. The majority spin configurations of t2g and eg of tetrahedral and 

octahedral Co, respectively lie deep inside the valence band (~ 6 eV). Due to this reason, a large exchange 

splitting (ΔEX ~ 8 eV) has been observed for the Co atoms occupying both A and B sites. Furthermore, the 

feature of DOS plots confirms that the t2g states of A-site Co are half filled and the eg states are completely 

filled. Whereas, in case of B-site Co ions, the eg states are half filled and t2g states are more than half filled 

which is left with only one unpaired electron. On the other hand, the conduction band maxima (~1.5 eV) 

dominated by the up and down spin of t2g states of Ti along with the A-site Co states. It is interesting to note  

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4: Calculated Density of States (DOS) for different compositions for y = 0.0. The total density of 

states is represented using the brown shade. The blue and red lines represent the density of states of Co 

present in A- and B-site, respectively. The solid black colour plots represent the B-site Ti.  Dotted vertical 

lines at E = 0 depicts the Fermi level (EF). The partial density of states of Ge is not visible due to low 

intensity. 

 

TH-2770_166121011



118 
 

 

 

 

 

 

 

 

 

 

 

 

that the hybridization between the O-2p and Co-3d orbitals is evident across the valence band (at ~ -2.5 eV). 

In general, for any combination of x and y of the investigated system, the splitting in t2g and eg symmetries 

due to the crystal field is clearly noticeable in the density of states versus energy plots (Figs. 6.4-6.6). 

Although the contribution of Ge density of states is minimal but incorporating it in the Co2TiO4 matrix makes 

noticeable change in the shift of the orbital energies which creates non-degenerate states and is linked to the 

degree of tetragonality of the system. For all x, Co exhibit high spin (S = 3/2) configuration with divalent 

oxidation state for both tetrahedral A- and octahedral B-sites, therefore the behaviour of DOS is nearly 

similar except that for few compositions, noticeable shift in both t2g and eg states is palpable. For y = 0, x = 

0.125 the splitting of majority t2g states of B-site Co is very clear and for higher compositions the splitting 

in the t2g band is much prominent. Also, the splitting in minority spin eg states of B-site Co (~ 6 eV, due to 

non-degenerate d orbitals) is also observed for all the combination of x and y. Close examination of the DOS 

reveals that the 𝑑𝑥2−𝑦2 and 𝑑𝑧2  orbitals of eg states in B-site Co have become non-degenerate while 𝑑𝑥2−𝑦2 

exhibits lower energy than the 𝑑𝑧2  orbitals implying the presence of tetragonal distortion of the system with 

c/a ratio greater than 1. For y = 0, for all the values of x we observed non-degenerate orbitals in eg states, 

although, the splitting in t2g is most significantly visible for x > 0.25 only. Similar behaviour is observed in 

case of the t2g states of Ti atoms in the conduction band (~1eV). For low compositions, the sub-bands are 

suppressed but on increasing the Ge substitution (x ≥ 0.75) the electronic states gradually populate-up and 

the splitting is substantial (see Fig. 6.4). This feature clearly suggests that Ti ions equally contribute to the 

Fig. 6.5: Calculated Density of States (DOS) for different compositions for y = 0.5. The total density of 

states is represented using the green shade. The blue and red lines represent the density of states of Co 

present in A- and B-site, respectively. The solid black color represent the B-site Ti.  Dotted vertical lines 

at E = 0 depicts the Fermi level (EF). The partial density of states of Ge is not visible due to low intensity. 
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tetragonal distortion along with the octahedral Co and they also play an important role in deciding the crystal 

structure. For y = 0.5, the overall DOS of the system exhibits delocalization behaviour of different wave 

functions which is evident from the Fig. 6.5 as compared to the ordered situation (y = 0) which has clearly 

distinguishable total DOS. Similar features have been observed in case of atom projected DOS of Co ions 

located at tetrahedral A-sites and octahedral B-sites. However, the majority t2g states of A-site Co ions shifted 

towards the lower energy side with the incorporation of Ge: for y = 0.5, E ~ −6 eV and −5.5 eV for x = 

0.125 and 0.75, respectively. Similarly, a small shift in energy levels for majority t2g states of B-site Co ions 

is observed across −1eV. Nevertheless, in the case of Ti atoms an interesting feature of the DOS is observed 

for x = 0.25 and 0.75; that is the electronic states of Ti atoms dominating at the top of the valence band (~ 

0.8eV) and the splitting of d(t2g) orbitals is quite clearly visible. However, for x = 0.50, the Ti states are 

situated deep into the conduction band (~ 1.5 eV from EF). Similar behaviour has been observed in case of 

completely disordered system (i.e. all the Ge atoms are in tetrahedral sites y = 1.0) for different compositions 

except for complete substitution of Ge atoms at Ti. Moreover, for x = 1.0, the up-spin and down-spin states 

of the Co atoms are symmetric to each other indicating perfect antiferromagnetic (↑↓) arrangement of spins 

which is consistent with the previously reported experimental observations [167]. All the compositions for 

y = 0.5 and y = 1.0 (except x = 1.0), the DOS clearly reveals the delocalization of the different atomic wave 

functions which indicate the instability of the compositions (Figs. 6.5 and 6.6). Due to this reason the entropy 

of the systems show higher value with respect to y = 0 case. Consequently, the calculated configurational 

Fig. 6.6: Calculated Density of States (DOS) for different compositions for y = 1.0. The total density of 

states is represented using the yellow shade. The blue and red lines represent the density of states of Co 

present in A- and B-site, respectively. The solid black color represent the B-site Ti.  Dotted vertical line 

at E = 0 depicts the Fermi level (EF). The partial density of states of Ge is not visible due to low intensity. 
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free energy is relatively high. Therefore, we can conclude that experimentally the formation of the solid 

solutions with disorder parameters y = 0.5 and y =1.0 is not possible and these remarks are in-line with the 

formation energy calculations as discussed. 

Figure 6.7 shows the DOS associated with the 𝑑𝑧2 and 𝑑𝑥2−𝑦2 of eg orbitals of octahedral Co for x 

= 1 for different cationic disorder. It is important to depict this figure because the octahedral Co ions are the 

main source of tetragonal distortion present in the system because of its electronic configuration ((t2g)5(eg)2). 

For y = 0, the down spin of 𝑑𝑧2  orbitals in the valence band exhibits lower energy with respect to the down 

spin state of 𝑑𝑥2−𝑦2 orbitals, due to which c/a > 1. While for the y = 0.5 case, it is hard to differentiate 

between the degenerate states of 𝑑𝑧2  and 𝑑𝑥2−𝑦2. As a result, the system stabilizes in the cubic structure, 

however, the system exhibits weak tetragonal distortion for y = 1.0. But, in this case the c/a < 1 has the 

energy level corresponding to the non-degenerate d-states with higher energy of 𝑑𝑧2  than that of 𝑑𝑥2−𝑦2. 

Thus, switching of c/a ratio between less than 1 and/or greater than 1 suggest the crucial role of Ge atom in 

deciding the tetragonal distortion of the investigated system (for 0 ≤ y ≤ 1). Similarly, the splitting of 𝑑𝑧2  

and 𝑑𝑥2−𝑦2 orbitals controls the c/a ratio for different compositions 0 ≤ x ≤1 for specific y.  Figure 6.8 shows 

the exchange splitting (∆EX) and crystal field splitting (∆CF) parameters for the energetically favourable 

compositions of the CTGO system. We evaluated both the parameters ∆EX and ∆CF from the density of states 

calculations using the following equations: (a) ∆𝐸𝑋

𝑒𝑔
= 𝑒𝑔↑ − 𝑒𝑔↓, (b) ∆𝐸𝑋

𝑡2𝑔
= 𝑡2𝑔↑ − 𝑡2𝑔↓, (c)∆𝐶𝐹

↑ = 𝑒𝑔↑ − 𝑡2𝑔↑, 

and (d) ∆𝐶𝐹
↓ = 𝑒𝑔↓ − 𝑡2𝑔↓ as discussed in Chapter 3. In case of A-site Co the exchange splitting linked to the  
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Fig. 6.7: Calculated Density of States (DOS) versus energy (E) plots for octahedral Co in GCO system 

for different values of y. 
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t2g states are much stronger than the eg states and the low crystal field splitting (~4 eV) causes the high spin 

state of Co. On the contrary, for the octahedral Co we noticed the opposite feature (∆𝐸𝑋

𝑒𝑔
 > ∆𝐸𝑋

𝑡2𝑔
). Nonetheless, 

the magnitude of ∆EX and ∆CF almost remains same due to the localization of the d orbitals. In case of the 

octahedral Co, the crystal field splitting decreases for x = 1.0 and this occurs due to the increase of bond-

length of Cooct-O. It is well known that the crystal field of the octahedral site is inversely proportional to the 

distance between the cation and anion (∆ ~ 1/(B-O)5). For the octahedral Ti, ∆EX is nearly negligible as the 

up spin and down spin of t2g and eg states are degenerate, as a consequence the centres of this state lie 

approximately the same energy level, hence the ∆CF is always greater than ∆EX. Importantly, this analysis 

leads to the inference that different magnitude of exchange splitting and crystal-field splitting in CTGO 

system does not have any significant change in the profile of  ∆𝐸𝑋

𝑒𝑔
 (x) and ∆𝐸𝑋

𝑡2𝑔
(x). 

Generally, due to the inclusion of the effective coulomb interaction term all the compositions possess 

semiconductor energy band-gap and exhibits metallic character if we neglect Ueff. In general, in the GGA 

calculations, the density of states of B-sites Co would lie at the Fermi level, however, incorporation of 

GGA+U calculation breaks the symmetry of the d-orbitals and distribute the states on both the sides of the 

Fermi level which creates the valence and conduction band [119]. Additionally, the tetragonal distortion 

present in the system is quite small. This happens because the local symmetry barely brakes and as a result 

the localization of d-states is observed in the density of states plots. Thus, the incorporation of suitable Ueff 

would give the precise semiconductor band-gap along with appropriate localization of the states. In order to  
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determine the Jahn-teller elongation ∆JT at t2g and eg states for the octahedral Co we adopted the following 

relations [303]: (i) ∆𝐽𝑇

𝑒𝑔↑
= |𝑑𝑥2−𝑦2

↑ − 𝑑𝑧2
↑ |, (ii)∆𝐽𝑇

𝑒𝑔↓
= |𝑑𝑥2−𝑦2

↓ − 𝑑𝑧2
↓ |, (iii) ∆𝐽𝑇

𝑡2𝑔↑
= |𝑑𝑥𝑦

↑ − 𝑑𝑥𝑧 𝑦𝑧⁄
↑ |, and (iv) 

∆𝐽𝑇

𝑡2𝑔↓
= |𝑑𝑥𝑦

↓ − 𝑑𝑥𝑧 𝑦𝑧⁄
↓ |. Figure 6.9 shows the ∆JT plot as a function of composition for the octahedral Co ions 

which is mainly responsible for the tetragonal distortion. From the plot it is clearly evident that ∆𝐽𝑇

𝑒𝑔↓
 increases 

with composition and shows a hump across x = 0.5 (∆𝐽𝑇

𝑒𝑔↓
 = 0.8 eV) and for x = 1.0, ∆𝐽𝑇

𝑒𝑔↓
 is maximum with 

0.9 eV. The maximum (~0.4 eV) and minimum (0.1 eV) value of ∆𝐽𝑇

𝑒𝑔↑
 occur at x = 0.0 and 0.75, respectively. 

For x ≤ 0.125 case both the parameters ∆𝐽𝑇

𝑡2𝑔↑
 and ∆𝐽𝑇

𝑡2𝑔↓
 exhibit negligibly small magnitude, but for x = 1.0 

both the quantities gradually increase and reaches 0.5 eV. For antiferromagnetic GCO the magnitude of ∆JT 

is significantly high (~ 0.9 eV). Such enhanced crystal field splitting controls the energy band gap (Eg) of 

the system which is main reason that this pyrochlore system exhibits the maximum Eg than the remaining 

compositions of the series. Furthermore, the splitting of the d-orbitals significantly influences the interaction 

between the spins and as a result we obtain high exchange interaction between the B-site Co ions (JBB ~ -

22.3 meV) value for x =1.0.  

In our calculations we used three distinct magnitudes of Ueff = 4, 2 and 0 eV for the cations Co, Ti 

and Ge atoms, respectively and performed the band structure calculation across different symmetry points 

in the Brillouin zone by considering the ground states configurations of different compositions as shown in 

Fig. 6.10. Consequently, our calculation results reveal the direct energy band-gap values at Γ(X) symmetry 

point: Eg ~ 1.7 eV (2.2 eV) and 1.8 eV (3.3 eV) for Co2TiO4 (x = 0) and GCO (x = 1), respectively. These 

results are in good agreements with our experimental results and theoretical findings based on ab initio 

studies discussed in Section 3.3.4. While incorporating Ge in Co2TiO4 matrix, the X-X direct band gap does  
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Fig. 6.9: The tetragonal splitting for different compositions (x) obtained from the DOS calculations for 

the B-site Co in CTGO system.  
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not show any major change except a small increase across x = 0.25 and 0.75 with 1.9 eV and 1.8 eV. In case 

of Γ-Γ direct band gap, the magnitude of Eg varies between 2.2 eV (for x = 0) and 2.3 eV (for x = 0.875). 

Nevertheless, for x = 1.0 the X-X direct band gap increases significantly to 3.3 eV. The main origin of such 

sudden surge in the band gap energy can be clearly understood from the density of states plots. For x = 1, 

the direct band gap occurs due to the charge transfer between O(2p) and Co2+ (eg) states, while, for the 

remaining compositions Ti-t2g states emerges near the Fermi level in the conduction band and initiate the 

charge transfer between O(2p) and Ti4+ (t2g) states. On the other hand, the magnetic properties of the 

system are quite interesting in the sense that for all the values of x and y overall system exhibits FiM 

behaviour except for the case of x = 1.0 and y = 1.0 (i.e., GCO) in which the system exhibits a perfect AFM 

ordering. These features are clearly visible in the density of states calculations. In Table 6.3 we present the 

magnitude of all the individual and total magnetic moments (µB) for various combinations of x and y in 

CTGO lattice. Our calculations suggest that the magnitude of Co moment at A- and B-sites are nearly same 

in magnitude, but with opposite spin orientations 2.70μB and -2.71μB, respectively. For y = 0.0, for different 

compositions the number of Co atoms in A- and B-sites is constant and as a result the total moment (Δµ) 

remains nearly similar. However, this behaviour is not continued for y = 0.5 and 1.0. For y = 0.5, Δµ changes 

from -0.4μB (x = 0.125) to -2.96μB (x = 1.0) and in the case of y = 1.0, the total moment increases from -

1.50μB (x = 0.125) to -4.43μB (x = 0.75). The Δµ gradually increases with x due to the imbalance of Co atoms 

between the A- and B-sites. On the other hand, for any composition, for y = 1.0 the number of Co occupying 

the B-sites are always higher than for y = 0.5 as results the µTotal is always larger for y = 1.0 as compared to 

the other two configurations. Another interesting finding is that for any composition the magnetic moment 

corresponding to A-site Co reduces with increasing ‘y’, because of the substitution of non-magnetic Ge4+ at 

the A-site and such dilution causes significant increase of Co2+ ions migrating to octahedral sites. This feature 

is quite significant for all the compositions greater than 0.5. On the other hand, the experimental studies on  
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Fig. 6.10: The magnitude of energy direct band gap (Eg) along symmetry directions Γ and X for different 

compositions of CTGO.  
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this series was first reported way back in 1976 by Strooper et al. [243]. These authors reported detailed 

magnetic properties for different compositions up to x = 0.4 (Ti0.6Ge0.4Co2O4) in which they noticed 

significant reduction in the ordering temperatures (53 K±2 to 39 K±2 for x = 0 to 0.4, respectively) and mean 

exchange interactions JAB (−6.3 K±0.3 to −5.8 K±0.3 for x = 0 to 0.4, respectively) without any major 

changes in JAA and JBB. The temperature dependence of magnetization studies reported by Strooper et al. 

show no systematic variation of the sub-lattice magnetization (MA(0) and MB(0)) and Curie-constant (C) as 

a function of composition of the system: C (=NAµ2/3kB) for x = 0 is C= 5.4 cc/mol K and MA(0) (= MB(0)) ~ 

     

 

x 

 

y 

A-site B-site  

∆𝜇 

(𝜇B) 
𝜇Co 

  (𝜇B) 

𝜇Ge 

(𝜇B) 

𝜇Co 

(𝜇B) 

𝜇Ti 

(𝜇B) 

𝜇Ge 

(𝜇B) 

0 0.0 2.70 - -2.71 0.04 - -0.03 

 

0.125 

0.0 

0.5 

1.0 

2.70 

2.69 

2.69 

- 

-0.02 

-0.02 

-2.70 

-2.71 

-2.71 

0.04 

0.05 

0.04 

0.02 

0.02 

- 

-0.03 

-0.40 

-1.50 

 

0.25 

0.0 

0.5 

1.0 

2.70 

2.69 

2.69 

- 

-0.02 

-0.02 

-2.70 

-2.70 

-2.71 

0.04 

0.04 

0.05 

0.02 

0.02 

- 

-0.03 

-0.77 

-1.50 

 

0.5 

0.0 

0.5 

1.0 

2.71 

2.69 

2.65 

- 

-0.02 

-0.02 

-2.70 

-2.71 

-2.71 

0.04 

0.04 

0.06 

0.02 

0.02 

- 

-0.03 

-1.50 

-2.96 

 

0.75 

0.0 

0.5 

1.0 

2.71 

2.67 

2.61 

- 

-0.02 

-0.03 

-2.70 

-2.70 

-2.71 

0.04 

0.03 

0.03 

0.02 

0.02 

- 

-0.04 

-2.23 

-4.43 

 

1.0 

0.0 

0.5 

1.0 

2.71 

2.66 

2.74 

- 

-0.02 

0.00 

-2.71 

-2.70 

-2.74 

- 

- 

- 

0.02 

0.02 

- 

-0.04 

-2.96 

0.00 

Table 6.3: List of site dependent magnetic moments of cations in CTGO for different combinations of x 

and y. 
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20450 G/mol cm3 and these quantities remain constant with increasing x up till 0.4 [243]. It is important to 

note that Strooper et al. considered that Ge atoms are favourable to occupy the B-sites which in our 

calculations correspond to the structure for y = 0. Accordingly, our calculation results for y = 0 yield constant 

magnetic moment for different compositions of x which is consistent with the results of Strooper et al. [243].  

In the present case we evaluated the exchange interaction using the Heisenberg Hamiltonian (Eq. 1.19): 𝐻 =

− ∑ 𝐽𝑖𝑗𝑆𝑖. 𝑆𝑗𝑖𝑗 . In the present case we considered the collinear spin configuration and calculated the total 

energies of the system for four different spin state configurations. Further, this calculated energy was 

substituted in Eq. (1.19) and first nearest neighbour exchange interactions: JAA, JBB and JAB were computed. 

Figure 6.11 depicts the variation of JAA, JBB and JAB for different compositions of x (y = 0) which are 

antiferromagnetic in nature. For x = 0.0, JAA = −0.8 meV and it increases with increasing the composition 

up to −2.01 meV till x reaches 0.125, beyond this composition, no significant increase in JAA is noticed (it 

reaches maximum value −2.4 meV for x = 0.875). Almost similar trend has been noticed in case of JBB 

except very high magnitude ~ −4.9 meV for x = 0.875 and comparable to JAA, JBB does not vary much 

beyond x = 0.125. However, JAB(x) shows a different variation altogether with a maximum value of ~ −2.6 

meV for x = 0.875. These variations in exchange interactions are not in consonance with the variation of 

bond length as a function of x. As we substitute the Ge atoms in place of Ti atoms, the size mismatch between 

the ions may tilt and/or rotate the CoO6 oxygen octahedral as a result small local distortion occurs which in 

turn play a key role on the exchange interactions. In case of GCO, the exchange interaction is significantly 

high (JBB = −22.3 meV) due to its unique pyrochlore antiferromagnetic structure. Previous experimental 

studies by Diaz et al. reported very high magnetic (orbital) frustration in this system due to the competing 

exchange interactions acting between the triangular and kagome planes [160]. Nevertheless, using the 

DFT+U techniques we have been able to obtain only the first nearest neighbour interaction and the calculated 

Jij (at T = 0K) values in the present case are nearly one order higher in magnitude than the previously reported 

experimental results [177,243].  

6.4 Conclusions:   

In conclusion, we have demonstrated that Ge substituted Co2TiO4 displays disorder driven weak tunable 

tetragonal distortion due the alteration in the energy levels of non-degenerate 𝑑𝑧2  and 𝑑𝑥2−𝑦2 orbitals (with 

c/a < 1, for E(𝑑𝑧2) > E(𝑑𝑥2−𝑦2) and c/a > 1, for E(𝑑𝑧2) < E(𝑑𝑥2−𝑦2)) of B-site Co and large exchange splitting 

∆𝐸𝑋−𝑇𝑒𝑡.

𝑡2𝑔
 (∆𝐸𝑋−𝑂𝑐𝑡.

𝑒𝑔
) for Co2+ than the crystal field splitting (∆CF). Ge atoms prefer to occupy at the octahedral 

B-site for lower and intermediate substitution levels and forms energetically favourable ground state. 

However, on approaching the morphotropic phase boundary (x > 0.75), Ge atoms start occupying the 

tetrahedral A-site. The Jahn-Teller distortion, ∆JT in these solid-solutions are linked with the large eg majority 

spin splitting (∆JT-eg) driven by the enhanced crystal field splitting which essentially controls the energy 

band-gap (1.7eV (Eg-ΓΓ) ≤ Eg ≤ 3.3eV (Eg-ΧΧ)) of the investigated system for all the combinations of x and y. 

For x = y =1, the Eg-ΧΧ ~ 3.3eV is associated with the inter-band charge transfer transition, O(2p) → Co+2 

(eg). Yet, for the remaining compositions, Ti-t2g states emerge near the Fermi-level (EF) in the conduction 
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band and thus the Eg departs from 1.7 eV as the charge transfer takes place between O(2p) and Ti+4 (t2g) 

states. The magnetic structure is mainly determined by the high spin configuration of Co2+ ions, and for any 

combinations of x and y the system is ferrimagnetic in nature, except for x = 1.0 and y = 1.0 the system 

(GCO) possesses perfect AFM ordering. Under no disorder case (y = 0), the net magnetic moment (Δµ) 

remains constant, whereas, for non-zero values of y the magnitude of Δµ increases with x due to the 

imbalance of number density of Co atoms between the A- and B-sites. The antiferromagnetic exchange 

interaction JBB dominates over JAA and JAB for all the compositions except for x = y = 1.0. However, for x > 

0.125, the strength of JAA and JBB does not change significantly whereas JAB gradually rises with x.  
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Chapter 7 

Conclusions and future work  

 

      This chapter summarize the important theoretical and experimental results obtained in this work 

and describes an outlook for the possibility of future research work. In the thesis work we successfully 

probed the role of dilution on the electronic structure and magnetic properties of few spinel oxides by 

means of DFT+U calculations, neutron scattering experiments and standard magnetization 

measurements. This thesis also explored the reentrant spin-glass behavior, tetragonal distortion, giant 

exchange splitting and glassy antiferromagnetic properties in the investigated system. Below we 

provide chapter wise summary of all the key results presented in the individual chapters and complete 

this section by discussing the possible future research work on cobalt spinels from theoretical and 

experimental point of view.  

 

7.1 Conclusions: 

Chapter 3 demonstrates the role of dilution on the structural, magnetic, electronic, and optical 

properties of the antiferromagnetic Co3O4. As the octahedral cobalt site of spinel-lattice is diluted with 

Ge, Al, Ti, Ru and Sn cations, we detected a substantial increase in the size of the unit cell as well as 

the destruction of long-range magnetic ordering with a spin-orbit compensation effect.  The 

ferrimagnetic ordering in diluted inverse-spinels such as Co2ΣO4 (Σ = Ti and Sn) emerges due to the 

different magnetic moments of the two-sublattices A (3.87𝜇𝐵) and B (4.16𝜇𝐵 for Co2SnO4 and 5.19𝜇𝐵 

for Co2TiO4). Different temperature dependence of these magnetic ions at A- and B-site gives unusual 

low-temperature compensation behavior, exchange bias and spin-liquid state in Co2TiO4 and Co2SnO4.  

Experiments and DFT calculations indicate AFM configuration for Co3O4, Co2AlO4 (TN ~ 4.8 K) spinels 

with an equal and opposite moment of ~ 2.60𝜇𝐵 at tetrahedral sites of divalent Co ions and negligible 

contribution from trivalent B-site Co due to complete filling of t2g levels having giant crystal field ~ 2.5 

eV and 1.8 eV, respectively. However, in Co2GeO4 (TN ~ 20.4 K) case AFM behavior originates due to 

the opposite spins at octahedral sites of divalent Co ions. The remaining spinels Co2TiO4 (TN ~ 47.8 K), 

Co2SnO4 (TN ~ 41 K) and Co2RuO4 (TN ~ 16 K) are more favorable to ferrimagnetic structure as evident 

from our magnetization measurements with a different temperature dependence of magnetic moments 

A(T) and B(T) at tetrahedral-A and octahedral-B sites, respectively. The variation in the energy band-

gap (Eg = 1.68→3.28eV for Co2RuO4→Co2GeO4) obtained from DFT+U calculations are in good 

agreement with our experimental results (Eg = 1.52→3.16eV) obtained from the Kulbelka-Munk 

analysis of diffusive reflectance spectroscopy data. The extent of exchange splitting, ∆𝐸𝑋
𝑒𝑔

 of tetrahedral 

Co2+
 varies between 1.8 eV and 1.3 eV for Co3O4 and Co2AlO4, respectively. Nevertheless, ∆𝐸𝑋

𝑡2𝑔
 exhibits 

decreasing trend (5.2 eV→3.6 eV for Co3O4→Co2SnO4) with increasing the lattice parameter, except 

Co2GeO4.  
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In Chapter 4 we examined the glassy antiferromagmetic characteristics of Co2RuO4 using the 

dc-magnetic measurements (M-T and M-H) and frequency (f) dependence of the ac-magnetic 

susceptibilities. These studies reveal that Co2RuO4 exhibits an AFM ordering with TN ~ 15.2K, along 

with a spin-glass state at slightly lower temperature (14.2 K). In this system AFM ordering is mainly 

governed by the orientation of Co2+spins occupying the A-site, whereas the exchange interaction 

between the Co2+ ions on the A-site and randomly distributed Ru3+ on the B-site activates the spin-glass 

phase (while the Co3+ ions on the B-site being in the low-spin non-magnetic state). Analysis of M (H, 

T) data measured below TN are used to construct the H-T phase diagram showing that TSG shifts to lower 

temperatures exhibiting H2/3 variation as expected for spin-glass state while TN is nearly independent of 

field. Above TN, the paramagnetic susceptibility data are perfectly fitted to the modified Curie–Weiss 

law, χ = χo + C/(T+ θ), with best fit parameters  χo = 0.0015 emu/mol-Oe yielding θ = 53 K and C = 2.16 

emu-K/mol-Oe. Using these values we evaluated the effective magnetic moment μeff  = 4.16 μB which 

is comparable to the expected theoretical value of μeff  = 4.24μB per Co2RuO4. By means of high 

temperature series expansion for χ and using the magnitudes of TN and θ, dominant exchange constant 

J1/kB ~ 6 K between the Co2+ on the A-sites is evaluated. Analysis of the ac magnetic susceptibilities 

near TSG yields the dynamical critical exponent zν = 5.2 and microscopic spin relaxation time τo ~ 

1.16×10-10 sec characteristic of cluster spin glasses and the observed time-dependence of M(t) are 

indicating the presence of the spin-glass state. Large M-H loop asymmetry at low temperatures with 

giant exchange bias effect (HEB ~ 1.8 kOe) and coercivity (HC ~7 kOe) for a field cooled sample further 

support the mixed magnetic phase nature of this interesting spinel. It is argued that the observed change 

from positive MCE (magnetocaloric effect) for T > TN to inverse MCE for T < TN observed in Co2RuO4 

(and reported previously in other systems also) is related to the change in sign of (𝜕𝑀/𝜕𝑇) vs. T data.   

 

Next we extended our study to the neutron diffraction of the single crystals of Co2TiO4 and 

Co2SnO4 to probe their spin structures in the ground state. Both the compounds exhibits strongest 

magnetic intensity of (111)M reflection due to ferrimagnetic ordering, which sets in below TN = 48.6 K 

and 41 K for Co2TiO4 and Co2SnO4, respectively. An additional low intensity magnetic reflection (200)M 

was noticed in Co2TiO4 due to the presence of an additional weak antiferromagnetic component. 

Remarkably, a significant broadening of the magnetic (111)M reflection was noticed from both the 

powder and the single-crystal neutron data of Co2TiO4 due to the disordered character of Ti and Co 

atoms on the B site.  Practically, the same peak broadening was found for the neutron powder data of 

Co2SnO4. On the other hand, from our single-crystal neutron diffraction data of Co2TiO4 we found a 

spontaneous increase of particular nuclear Bragg reflections below the magnetic ordering temperature. 

Our analysis showed that this unusual peak broadening effect can be ascribed to the presence of 

anisotropic extinction, which is associated to a change of the mosaicity of the crystal. In this case it can 

be expected that competing Jahn-Teller effects act along different crystallographic axes can induce 

anisotropic local strain. In fact, for both ions Ti3+ and Co3+ the t2g levels split into a lower dxy level and 
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yields a higher two-fold degenerate dxz/dyz level. As a consequence, one can expect a tetragonal 

distortion in Co2TiO4 with c/a < 1, which could not be significantly detected in the present work. The 

neutron diffraction study of Co2TiO4 single-crystals also showed that some nuclear reflections exhibit 

a strong increase in their peak intensity below the ordering temperature of about 50 K which is 

associated to a change of the mosaicity of the crystal. The cause of anisotropic local strain effects in the 

crystal appears due to the competing Jahn-Teller effects acting along different crystallographic axes in 

which the t2g levels of both the trivalent cations Ti3+ and Co3+ split into a lower dxy level resulting to a 

higher two fold degenerate dxz/dyz level. As a consequence, one can expect a tetragonal distortion in 

Co2TiO4 with a c/a ratio less than 1. However, our powder diffraction data could not show evidence of 

any peak splitting, which could indicate a transition into a tetragonal structure. Based on the dynamic 

scaling analysis of ac-susceptibility and the heat-capacity measurements, it is suggested that Co2TiO4 

first goes through a ferrimagnetic ordering across 48.6 ± 1 K, and then subsequently goes through a 

reentrant spin-glass transition across 46.8 K with critical exponent ‘zν’ = 12.04 ± 0.05 as determined 

from the frequency dependence of real-component of ac-magnetic susceptibility χ′(T). From the 

temperature dependence of heat-capcity CP(T) data we estimated the Debye temperature ΘD = 554.16 

K for the single crystalline Co2TiO4 which is significantly higher than the ΘD = 525 K for polycrystalline 

Co3O4 reported by Roth [87]. A weak hump across 18 K was noticed from the CPT-1 vs. T data indicating 

further change in the magnetic ordering which is independent of the external applied magnetic field.  

 

      In Chapter 6 we studied the electronic structure and magnetic properties of Co2Ti1-xGexO4 (0 ≤ x ≤ 

1) spinel by means of the first-principles methods of DFT involving generalized gradient approximation 

(GGA) along with the on-site Coulomb interaction (Ueff) in the exchange-correlation energy functional. 

In this study emphasis has been given to explore the site occupancy of Ge atoms in the spinel lattice by 

introducing the cationic disorder parameter (y) which is done in such a way that one can tailor the 

Pyrochlore geometry of GeCo2O4 and determine the electronic/magnetic structure quantitatively. For 

all the compositions (x), the system exhibits weak tetragonal distortion (c/a ≠ 1) due to the non-

degenerate states of 𝑑𝑧2 and 𝑑𝑥2−𝑦2 (eg orbitals) of the B-site Co. We observe large exchange splitting 

(∆EX ~ 9 eV) between the up and down spin bands of t2g and eg states, respectively, of tetrahedral and 

octahedral Co+2 (4A2(g)(F)) and moderate crystal-field splitting (∆CF ~ 4 eV) and the Jahn-Teller 

distortion (∆JT ~ 0.9 eV). These features indicate a strong intra-atomic interaction of Co2Ti1-xGexO4 

system which is also responsible for the energy band-gap (1.7 eV ≤ Eg ≤ 3.3 eV). The exchange 

interaction (JBB ~−4.8 meV, for (x,y) = (0.25, 0)) between the Co2+ ions dominate the overall AFM 

behavior of the system for all ‘x’ as compared to the interactions JAA (~−2.2 meV, for (x,y) = (0.25, 0)) 

and JAB (~−1.8 meV, for (x,y) = (0.25, 0)). The net FiM moment (Δµ) remains constant for all the 

compositions without any disoderness, however, Δµ increases progressively with x due to the imbalance 

of Co atoms between the A- and B-sites. 
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7.2 Prospective for Future Work: 
 
      The results reported in this thesis embody almost all the characteristics features of the cobalt based 

insulating oxide spinels based on extensive DFT+U (GGA), magnetometry, heat-capacity 

measurements, neutron scattering and UV-Vis-NIR spectroscopy measurements. Nevertheless, some 

extensions of the current work are possible which are listed below. 

 

(i) In Chapter 3, we have discussed the magnetic ground state of several spinel systems and 

determined the band structure including the DOS and exchange interactions in detail. However, 

one can study the phonon dynamics and optical properties at low temperatures because these 

systems exhibit unusual spin liquid state and weak tetragonal distortion. Hence, in our future 

work we plan to study a detailed temperature dependence of Phonon dynamics.  

 

(ii) In Chapter 4, we studied the spin-glass and AFM characteristics of Co2RuO4, however a 

detailed XPS analysis including the dielectric spectroscopy, dc-resistivity and 

magnetoresistance measurements at low temperatures are not investigated in the literature till 

now. Thus, one can plan these studies in future along with a detailed temperature dependence 

of specific-heat, Raman and FTIR measurements.   

 

(iii) In Chapter 6, all the studies are related to the DFT+U based calculations only, so one can plan 

the experimental counterpart of the Co2Ti1-xGexO4 solid-solutions and explore a detailed ac- and 

dc-magnetometry along with the charge transport studies using the impedance spectroscopy. In 

addition, one can plan to synthesize the nanostructures of these spinels and explore their 

catalytic activity for potential applications in fuel-cells and renewable energy sources.  
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