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Chapter 1 

Introduction: Geometrical Frustration in Spinels 

 

A brief general introduction to the spinels and their importance in the scientific community is discoursed 

here. Spinels are the gemstones which have been used in ornaments for centuries and have drawn the attention 

of the scientific community since the middle of 18th century. The spinel crystal structure can accommodate 

variety of cations in the periodic table such as alkali, alkaline-earth, transition metals, and rare-earth elements. 

Such combination of solid solutions offers condensed matter physicists with one of the richest families of 

magnetic materials [1]. Owing to their noteworthy structural, magnetic and electrical properties, spinels have 

greater importance in terms of practical applications in a wide variety of industrial and scientific fields. Some 

of the key properties that spinels exhibit are: Ferrimagnetism, large magneto-crystalline anisotropy, higher 

saturation magnetization and squareness ratio [2], negative magnetization with magnetic compensation, 

bipolar-exchange-bias [3], much higher electrical permeability and resistivity [4], low loss of eddy current 

[5], and mechanical hardness [6]. Generally, spinel-ferrites are easily magnetized under small external 

magnetic fields because of which they find a unique place in the field of magnetic data storage, magneto-

electronic devices, key elements in renewable energy sectors, and microwave relaxor ferroelectrics [7-10]. 

In addition, site specific substitution of spinel compounds with either magnetic or non-magnetic elements 

lead to some remarkable magneto-electric properties by introducing ordered/disordered states. Such 

disorderness is very sensitive to the temperature and external magnetic field, especially at ultra-low 

temperatures and triggers some important features such as quantum-spin ice/liquid state etc [11-13]. 

In this chapter, first we elucidate in detail the basic crystal structure of spinel oxides along with the 

foundation concepts of magnetic frustration arising from the crystal geometry of the chosen compounds for 

this doctoral thesis. These fundamentals are followed by a detailed description on few novel magnetic 

phenomena discovered in the recent past, which are linked to the current topic of research work discussed 

meticulously in the remaining chapters of the thesis. This chapter also provides a detailed description of some 

of the mathematical relations linking the underlying physics of the spin-glass, spin-liquid states including 

different types of exchange interactions. Further, we provide a brief information on the applications of spinel 

oxides including different type of dielectric relaxation and electrical conduction mechanisms of the systems 

under consideration. In the end, we provide a clear and vivid description of the undertaken research problem 

and our approach to achieve the key objectives of the proposed research work. 

 

1.1. Spinel Oxides (AB2O4): 

The general formula for spinel compounds is AB2X4. where the anion X is any divalent chalcogenide 

element: O2−, S2−, Se2− or Te2−. With oxygen as X, the form AB2O4 is regarded as the spinel oxide system. In 

typical spinel oxides, the anion O2− forms a closely packed pseudo face centred cubic unit cell stabilized with 

the metal cations at two different coordination environments A and B. Here the divalent metal ions situated  
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Figure 1.1: Schematic diagram of the spinel crystal structure. 

 

at the tetrahedrally coordinated A-sites, along with the B-sites occupied by trivalent cations having octahedral 

coordination, is called a normal spinel [14]. Yet, the inversion parameter (u) among A and B sites plays a 

crucial role in determining the extent of deviation from the ideal case. For instance, in the spinel configuration 

(AuB1−u)[A1−uB1+u]O4, u can take values as (i) 1: normal spinel, (ii) 0: inverse spinel and (iii) 0 < u < 1: mixed 

spinel. Further, the spinel lattice turns out to be like the zinc-blende structure in the absence of octahedral 

sites and fully occupied tetrahedral sites. Instead, if one considers only B sites, then the structure converges 

to that of a rock-salt-type crystal. Consequently, the spinel lattice can be imagined as an ordered-mixture of 

the rock-salt and zinc-blende unit cells [15]. Two independent works by Bragg [16] and Nishikawa [17] could 

reveal the crystal structure details of a spinel showing that four number of primitive unit cells are combined 

to form the conventional cubic spinel unit cell. It is worth mentioning that the primitive unit cell is comprised 

of two octants in the pseudo-cubic unit cell of the spinel lattice. As shown in figure 1.1, one octant is the 

cubic cell A2O4 (two A sites in tetrahedral coordination) and the other one is the cubic B4O4 cell (four B sites 

in octahedral coordination). There are in total 96 interstices available between the anions. Nonetheless, only 

8 A and 16 B interstices are occupied out of the available 64 A and 32 B interstices, respectively, for cations. 

The choice of origin can be made with either an occupied site or a vacant site which results in two different 

equi-points (popularly known as the Wyckoff notations) each of them having both 3m and 43m type point 

symmetries [18]. 

However, the anion O2− may possess deficiency (δ) in the AB2O4−δ lattice depending on the sample 

preparation techniques which triggers the disruption of the conventional magnetic and electrical properties 

[19,20]. At some instincts the cubic spinel becomes a defect ABO3 type of structure with uncompensated 

magnetic ions on B sites (taking charge neutrality into account) [21]. In view of the inter-sublattice and intra-

sublattice exchange interactions (JAA, JBB and JAB) between the magnetic and non-magnetic cations, spinels 
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are capable of producing higher degree of magnetic frustration as a result of competing exchange interactions. 

In the below sections and coming chapters we give emphasis to the magnetic frustration exhibited in some 

Pyrochlore spinel lattices.  

 

1.2. Pyrochlore Spinels and Their Crystal Geometry: 

Ternary oxides isometric with M2N2O7 are usually observed to exhibit the Pyrochlore structure [22,23]. 

The speciality of this structure is that they contain a corner shared tetrahedra geometry as depicted in figure 

1.2. Typically, the M (a rare earth element) and N (a transition metal / p−block element) site accommodates 

3+ (or 2+) and 4+ (or 5+) state cations, respectively [24]. The general formula of Pyrochlores can be 

alternatively expressed as M2N2O6O' with the space group (Fd3m) and the number of molecules per unit cell 

(Z = 8) like in the case of spinels. In 1993, Subramanian and Sleight pointed out about the four different 

choices of origin, shown in Table 1.1 [25]. It is noticed that if we fix the origin to be on the N site (at 16c), 

then the other atoms M, O, and O' occupy the Wyckoff positions 16d, 48f, and 8b, respectively. Here, the M 

and N site ions form a face-centred-cubic array with its ordered rows along <110> directions. Furthermore, 

the six O-atoms (48f) are surrounded by two numbers each from M and N cations, nevertheless, O' is 

surrounded by four M site cations and the remaining unoccupied anion sites are surrounded by N cations. It 

is to be noted that, the positional parameter (x) indicates the extent of shift of 48f  O-atoms towards the 

smaller sized ions N [22]. The only positional parameter for O-atoms at 48f provides two key inferences from 

the above discussed structural details: (a) concerning the topology of M and N sites and (b) co-ordination 

geometry at M and N sites with respect to O-atoms. As a result, the corner-sharing-tetrahedra formed at both 

the M and N sites gives rise to canonical geometrical frustration in the M2N2O7 lattice [24]. However, a corner 

sharing tetrahera network is also realized in several AB2O4 minerals. It is interesting to note that contrary to 

M2N2O7, in AB2O4, only the octahedral B site formulates a Pyrochlore lattice-type geometry while the A site 

frames a diamond lattice [15]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Schematic representation of the cubic Pyrochlore lattice which consists of tetrahedral shapes, connected 

with each other at the corners. 
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Table 1.1: Lattice sites of a Pyrochlore structure along the cubic body diagonal in the ideal conventional unit cell of 

spinel, by considering four possible choices of the origin. 

 

Atom Equipoint Minimal coordinates 

(along body diagonal of 

the unit cell) 

Point symmetry 

M 16d ½, ½, ½ 3m (D3d) 

N 16c 0, 0, 0 3m (D3d) 

O 48f x, ⅛, ⅛ mm (C2υ) 

O' 8b ⅜, ⅜, ⅜ 43m (Td) 

 

 

1.3. Geometrical and Magnetic Frustration: 

Frustration in magnets is defined by the inability of the system to stabilize in a unique ground state, rather 

it inhibits degeneracy. Magnetic frustration (MF) is realized when the lattice geometry is discordant to the 

interaction exhibited among the magnetic degrees of freedom giving rise to peculiar magnetic properties such 

as spin-ice and spin-liquid states [27]. The simplest form of MF can be understood with antiferromagnetically 

coupled spins occupying the triangular-lattice points (as shown in figure 1.3(a)). In such case, the magnetic-

moments/spins of nearest neighbor atoms prefer antiferromagnetic (AFM) alignment, yet no defined pattern 

in the lattice satisfies the interaction between all the atoms. In 2D-case, an array of edge-sharing triangular-

lattice leads to a Kagomé structure (kagome means a bamboo-basket (Kago) woven pattern (me)), while in 

3D, the edge- or corner-sharing tetrahedral geometry results in a Pyrochlore structure. Nevertheless, the 

origin of MF is two-fold; irregular arrangement of the crystal lattice is the essential requirement while the 

second-most important one is the type of non-magnetic/magnetic ions occupying the lattice sites. For 

instance, in spinel-Pyrochlores, non-magnetic A site cation together with magnetic B site ions show higher 

degree of MF in comparison to the systems having magnetic ions on both A and B sites [24,28]. 

Previous studies reveal that the Heisenberg model established for the spinel-Pyrochlores considering 

AFM-type nearest neighbor exchange coupling exhibits an extensive number of degenerate ground states 

[30,31]. Apparently, such robust ground state in magnetically frustrated systems leads to the absence of 

magnetic long-range (LR) order since it averts minimization of all the interaction energies. The only feasible 

magnetic ordering is expected to arise from the existing exchange interactions among the magnetic species 

that may extend beyond the nearest neighbor ions, or from the possible dipole coupling [32]. Specifically, 

when the system is cooled to very low temperatures (T → 0 K), the role of exchange interaction becomes 

clearly evident. With suppression of the conventional order, the magnetic moments revisit paramagnetic 

(PM)-type ordering (below the spin-freezing temperature, Tg) in a region which lies much below the 

disordered paramagnetic region than that predicted by the classical theory [30,33]. Drastic reduction of the 

ordering temperature often measures the degree/index of MF which is given as: f = |θ|/TN, where θ is the 

Curie-Weiss temperature and TN is the AFM Néel temperature. It is well known that in general, to remove 

the robust spin-degeneracy, at times, the lattice may undergo structural phase transition to a lower structural 

symmetry associated with a magnetic transition to an ordered AFM state [34]. Having such peculiarities, 
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Figure 1.3: (a) An unfrustrated square lattice having AFM alignment among the neighboring spins. (b) Similar AFM 

alignment is not possible on a triangular lattice. (c) The six possible ground states in a triangular lattice instead of two 

ground states as directed by the Ising symmetry [27,29]. 

 

geometrically frustrated spinels and Pyrochlores are observed to exhibit certain novel magnetic phenomena 

such as spin-liquid (SL) state [35], spin-ice state [36,37], spin-Jahn−Teller state [38,39] etc., having practical 

applications in the areas of microelectronics and drug delivery. 

 

1.4. Few Novel Magnetic Phenomena Exhibited by Spinel Pyrochlores: 

1.4.1. Spin-Liquid Phenomena: 

1.4.1.1. Quantum and Classical Spin-Liquids: 

A possible classical model solution for stability of the frustrated AFM triangular lattice is suggested by 

Bernu et al. by assuming the spins on each corner at an angle of 120 ° with each other [40]. However, in 

1973, P. W. Anderson proposed the probability of a more unusual ground state of the frustrated AFM 

configuration in the triangular 2D lattice governing quantum entangled spins and this prescribed model is 

popularly called as the resonating valence bond (RVB) model [41]. As per this model, two anti-parallel spins 

combine to form a spin-singlet with zero net moment (S = 0). Quantum fluctuations exhibiting in the 

frustrated lattice destroys the possibility of a particular arrangement for these singlets, consequently, the 

wavefunction of a RVB spin-singlet can be treated as linear superposition of all the possible configurations 

of the spin-singlet. Therefore, no LR magnetic ordering could be developed even up to T = 0. The spin pattern 

for such a system resembles a liquid, without breaking spontaneous translational and rotational symmetry of 

the lattice points, which leads to the nomenclature of this Quantum state as Quantum-Spin-Liquid (QSL) 

state. Nevertheless, LR entanglement between the spins is feasible in these cases (as illustrated in figure 1.4) 

which leads to fractional spin excitations [42]. 

On the other hand, in a classical spin liquid state (CSL), thermal fluctuation energy (kBT) dominates over 

the superexchange interaction parameter (J) at high temperatures, hence the magnetic order could not be 
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Figure 1.4: Schematic of few typical 2D crystal structures for (a) and (b) triangular, (c) Kagomé, and (d) Honeycomb 

lattices. The red arrows represent spins and question marks denote undetermined spin configurations resulting from 

geometrical frustration. The light-blue shades in (b) and (c) demonstrate the spin singlets mandated by the RVB model 

[42]. 

 

established. As a result, in contrast to QSL, CSL lacks LR quantum entanglement and fractional spin 

excitation. Such spin dynamics comes into picture over the static mechanism and the low-temperature (kBT 

<< J) quantum mechanical formulations like the spin-spin correlation starts to exhibit remarkable outcomes 

at high temperatures [42]. 

 

1.4.1.2. Gapless and Gapped Spin-Liquids: 

Quantization of fractionalized excitation is a spinon (fermion or boson), which carries spin=1/2 but no 

charge. Now, SLs can be categorized into two sub-classes: gapless and gapped SLs. In gapless SL, excitation 

occurs across the Fermi surface (Dirac nodes) formed by fermionic spinons [43]. This is identified from the 

magnitude of the coefficient γ which is obtained by fitting the low temperature specific-heat (Cp(T)) data to 

the relation: 

𝐶𝑝 = 𝐴T−2 + 𝛾T + 𝛽T3     (1.1) 

 
Here, the linear term in temperature i.e. “γT” is related to the finite excitation density of states. In case of 

metals γ usually remains unaffected by the external magnetic field [44]. Conversely, the theoretical prediction 

of T2/3 dependence of the above linear-T term is not quite evident in experimental observations so far [45]. 

Linear-T dependence of thermal conductivity is another vital signature for this kind of excitation [46]. One 

more type of gapless SL can possibly exist, wherein the spinons are gapless only at certain nodal points of 

the Fermi surface around which they display linear spectrum. Considering the presence/absence of gauge 

fields, formulated on the mean-field-theory, there exists two cases: U(1) or Z2. In U(1), the gauge fluctuations 

may lead to the modification of the T-power laws, however, in Z2, the density of states vary linearly with 

energy while both heat-capacity, Cp and the NMR spin-lattice relaxation rate (1/T1 estimated over a finite 

temperature range using nuclear-magnetic-resonance) follow T2 dependence [47]. 

In what follows a detailed discussion pertaining to the gapped SL which are considered as the Bosonic 

spinons combined with gapped visons (i.e. specific vortices in the Z2 gauge fields), also commonly 
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recognized as Z2 –SLs (Z2–spin liquids) [48,49]. Detailed studies by Kivelson et al. [50] and Baskaran et al. 

[51] have shown that Fermionic spinon based mean-field-theory can also bring about a Z2 state, however, the 

fact that Fermionic spinons are formed when a Bosonic spinon binds with a vison (Z2 vortices) and this 

situation is directing through the identical situation applicable to the Bosonic spinons, as discussed above. 

Furthermore, the case of U(1) gapped SL is forbidden in 2D since compactness leads to confinement. 

Another important gapped system that are under intense investigation in recent times is the “Spin-

Chirality”; ever since it was proposed by Kalmeyer and Laughlin in 1989 the concept of ‘Chiral spin liquids’ 

are under extensive study. Chiral spin liquid (ChSL) is a unique spin singlet state formed in the triangular 

Heisenberg AFM lattices [52,53]. Figure 1.5 shows the proposed schematic diagram for a ChSL usually 

formed from a Honeycomb lattice by replacing each of its site with a triangular geometry. This ChSL state 

often exhibits fractionalized excitations with notable properties like Kerr-Rotation, Quantized-Thermal-Hall 

conductivity and Chiral spin-edge modes [45]. Also, in ChSL the translational and spin-rotational symmetries 

are strictly maintained [54], still breaking of time-reversal and parity symmetries makes its candidature 

dubious to be categorized as a gapped spin liquid system [55]. Therefore, based on the gauge field theory, 

only Z2 type gapped spin liquids have been evident so far although other exotic possibilities can’t be denied 

without breaking the symmetry. The above discussion also concludes that the method to distinguish between 

the Dirac spin liquid, the U(1), Z2 spin liquid and the chiral spin liquid systems is indeed debatable. Very low 

excitation energy is a typical character of all these systems as these systems do not show any significant 

difference in the excitation energy among them which makes it very tedious to differentiate between them. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: (a) Diagram of the triangular-Honeycomb lattice of a Chiral spin liquid (ChSL) that is constructed by 

replacing each site of the Honeycomb with a triangle; thus 6 sites per unit cell is obtained. (b) These 6 sites are labelled 

in the topologically equivalent schematic representation, while the red dotted line is the vertical boundary of the unit 

cell [54]. 
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1.4.2. Spin-Ice State: 

1.4.2.1. Structure and Mechanism: 

Spin-Ice, a rather strange yet exciting physical phenomenon is mainly governed by frustrated 

ferromagnetic (FM) alignment, not the frustrated AFM phenomena [56]. The nomenclature “Spin-Ice” came 

from its ferromagnetic analogue with Linus Pauling’s model on the residual entropy of Water-Ice [57]. 

Experimental finding of spin-ice state was noticed for the first time in 1997 by Harris et al. in the Pyrochlore 

Ho2Ti2O7 and was confirmed later by Ramirez et al. in its sister-compound Dy2Ti2O7. The later compound 

displays an unusual residual entropy of magnitude approximately (1/2) Ln(3/2) for T → 0, which is associated 

with its ground state degeneracy and is in consonance with the Pauling’s estimation of water ice [36,58]. 

Analogy between Water-Ice and Spin-Ice systems is illustrated in figure 1.6. It elucidates that the spin 

orientation in a spin-ice plays an equivalent role similar to the position of H+ atom (proton) in the Water-Ice 

theory. In the H2O molecule, an analogous tetrahedra motif is formed considering the mid-point of O−O lines 

as the corners sharing a tetrahedra. Following similar analogy of the direction of proton displacement in H2O, 

the magnetic spins in a Spin-Ice follows the constraints that (i) all the four spins at the corners must point 

either outward (→) or inward (←) to the center of the tetrahedral, and (ii) in each tetrahedra two spins must 

point inward (←) while the rest two must point outward (→), which are usually symbolized as a 2:2 vertices. 

However, general interpretation of degeneracy in a ‘Spin-Ice’ system is explained by virtue of a 16-vertex 

model that includes six 2:2 vertices, eight 3:1 and two 4:0 vertices. It is to be noted that the energies of 4:0 

vertices are higher than the 3:1 vertices, while 2:2 vertices exhibit the lowest energy. The statistical 

(Boltzmann) weights of all these 16-vertices can be tuned by the application of external fields (both electric 

and magnetic) [59,60], pressure [61], strain [62], by quantum effects [63], with change in temperature and 

substitution of elements as well [64]. At higher temperatures, all the 16-vertices carry equal statistical  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: A schematic analogue between the (a) Water-Ice and (b) Spin-Ice systems. In Water-Ice, each hydrogen ion 

is close to one or the other of its two oxygen neighbors, and each oxygen must have two hydrogen ions closer to it than 

to its neighboring oxygen ions. In Spin-Ice, the spins point either directly toward or away from the centres of the 

tetrahedra, and each tetrahedron is constrained to have two spins pointing in and two pointing out [66]. 
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weights, consequently the system attains a paramagnetic state. Nonetheless, with lowering of temperature, 

vertices with higher energy get frozen out first. Ultimately, the six 2:2 vertices remain to form the spin-ice 

state as per the Pauling’s model at very low temperatures (T < 1 K) [56]. Surprisingly, there are evidences of 

unique properties like crossover from Debye spin relaxation to Quantum mechanical tunneling dynamics in 

‘Spin-Ice’ systems at much greater temperatures T = 15 K, which requires further investigation [65]. 

 

1.4.2.2. Dipolar Interaction and Magnetic Monopoles: 

The compounds (e.g. Dy2Ti2O7 and Ho2Ti2O7) exhibiting Spin-Ice property possess an easy axis 

anisotropy along ˂111˃ plane that points towards the centre of the tetrahedra, as a result the FM alignment 

behaves as a pseudo-spin AFM at much lower temperatures (well below the strength of anisotropy) [67]. 

Here, the existing local crystal field is able to spilt the free ion state so that the Ising-like doublet energy is 

lowered by few hundreds of Kelvins, which results in a local Ising symmetry. Further, the nearest neighbor 

FM interaction between Ising spins is the dipole-dipole interaction that is less likely to be a weaker AFM 

[37]. However, beyond the nearest neighbor, the dipolar interaction can be FM/AFM or even multiple-valued, 

which is dependent on the distance of neighboring spins [68]. For negative value of effective exchange 

interaction (Jeff) being the coupling energy corresponding to an ‘in-out pair’ of spins and positive Jeff to that 

of an ‘in-in pair’ or ‘out-out pair’, energies (E) of the different possible states are obtained to be E(4:0) = 

6Jeff, E(3:1) = 0 and E(2:2) = −2Jeff. An abbreviated version of the dipolar spin-ice (DSI) model is the near-

neighbor spin-ice model that gives a microscopic explanation to the phenomenological FM coupling in the 

Spin-Ice. This phenomenon can be understood according to the Hamiltonian as given below: 

𝐻 =  
𝜇0𝑔2𝜇B

2

4𝜋
 ∑  

𝑆𝑖 · 𝑆𝑗 − 3(𝑟̂𝑖𝑗 · 𝑆𝑖)(𝑟̂𝑖𝑗 · 𝑆𝑗)

𝑟𝑖𝑗
3 −

𝑖>𝑗

∑ 𝐽𝑖𝑗

<𝑖,𝑗>

𝑆𝑖 · 𝑆𝑗                              (1.2) 

 
where Si is the spin, μ0 and μB are the vacuum permeability and Bohr magneton, respectively. The dipolar 

term (first term on the right-hand-side in equation (1.2)) comes out to be much stronger (20.7eV) in 

comparison to the near-neighbor exchange term (−10.7 eV in Dy2Ti2O7 and −4.5 eV in Ho2Ti2O7) [37]. 

Nevertheless, the dipolar interaction energy in Spin-Ice could be considered as self-screened, and is distinctly 

irrelevant to the Pauling’s manifold theory [58,69]. 

Unlike particles carrying electrical charge, no elementary particle carrying a net magnetic charge has 

been observed in the history even after intense research activities. Initially, a rare case of quasiparticle was 

considered to be the only one having fractional electric charge (e/3) exhibited in Quantum-Hall effect [70]. 

Later, existence of the magnetic monopole (MM) term emerged from the mysterious first-order type 

liquid−gas phase transition (i.e., from Kagomé-Ice to 3:1 ordered state). Such transition occurs as the 

temperature is lowered while simultaneously increasing the applied field along the crystallographic direction 

˂111˃, with a critical end-point in the Spin-Ice systems [71]. Suppose the Ising spins are assumed to be in 

dumbbell shape with opposite magnetic charges at their two extremities, then the magnetic charge at the 

centre of the tetrahedron emerges which is termed as a MM, that produces a non-zero divergence of the local 
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magnetization [72]. It is only after the discovery of MM model that the 3:1 Spin-Ice defects could be believed 

to follow similar analogy of the ionic defects in Water-Ice, and this concept also helped in handling the 

dipolar interactions in the Hamiltonian for the excited states [13,56,73]. Additionally, the monopoles 

appearing in the work that is reported based on the anomalous Hall effect in highly anisotropic FM SrRuO3 

perovskite possess unresolved excitations since no magnetic field is involved here [13,74]. Furthermore, the 

MMs present rare cases of high-dimensional fractionalization and are of high interest in the fields like 

topological quantum computing and fields involving highly correlated electron systems [75]. 

 

1.4.3. Spin-Glass State: 

Another peculiar yet popular phenomenon that arises in disordered magnets is the spin-glass (SG) state 

having multiple ground states. The origin of such a state can be understood by realizing isolated magnetic 

impurities situated at random lattice sites being able to interact with each other. The interactions between the 

impurity magnetic moments can be FM or AFM depending on the distance between them [76]. Because of 

such features the terms spin (magnetic moment) and glass (disorder) were introduced following the analogy 

that in real glasses/amorphous solids, the atoms are irregularly ordered in the lattice sites. As we lower the 

system temperature, competing exchange interaction between the random site moments and the bond-

randomness (figure 1.7(a)) increase magnetic frustration. LR order is destroyed below a certain temperature 

in which the impurity moments are frozen in random directions (shown in figure 1.7(b) and 1.7(c)), called as 

the spin-glass/freezing temperature TSG. In the SG state, spatial average of magnetic moments over all the 

lattice sites is zero, simultaneously the time average of a particular spin orientation will be non-zero; in 

contrast to the PM state where both the averages are zero with fluctuating spin orientation. A characteristic 

feature of SG state is that it follows non-ergodicity. In such state the system may fluctuate between a number 

of equilibrium states of equivalent energies, however it cannot make transition to the other states. In other 

words, the system is trapped in the deep minima of the hierarchically disordered energy-landscape [77,78]. 

As a result, different ground states may be attained by the system when it is cooled below TSG after rising the 

temperature again to the PM region each time. Such nonergodic systems with rugged energy-landscapes have 

great applications in understanding the trends of neural networks for instance Hopfield networks, and also in 

genetics and for computer science optimization purpose [79-81]. 

In order to realize SG systems, an obvious and typical way is to incorporate magnetic ions into a non-

magnetic matrix/lattice. Yet, the amount of substitution must be within a specified percolation limit/threshold 

(pC). ‘Percolation limit’ is defined as the atomic percentage of substitution for which each magnetic site gets 

at least one nearest neighbor magnetic atom/ion. Ultimately, a macroscopic connection is established 

extending from one end to the other end of the crystal. With the doped magnetic ions exceeding the pC, SG 

features may vanish concurrently setting up LR order [82]. In addition, with increase in the content of the 

magnetic impurities (below the pC), the impurities may form pairs or eventually clusters. Different types of 

SG systems (canonical SG, cluster SG and others) are determined based on the scaling and power laws, and 

the fitting parameters are described in detail in Chapters 3 and 4. 
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Figure 1.7: Illustration of the (a) bond randomness in a spin-glass state in which the zig-zag and dashed lines represent 

the antiferromagnetic (AFM) and ferromagnetic (FM) couplings, respectively, (b) disordered lattice sites occupied by 

magnetic ions, and (c) cluster spin-glass state. 
 

 

1.4.3.1. de Almeida−Thouless and Gabay−Toulouse Lines: 

The stability of SG state was questionable and assumed to be unstable under the application of dc 

magnetic field (H) until de Almeida and Thouless proposed the theory that the replica symmetry breaking 

can take place even under the external applied magnetic field (H) [83]. They also formulated a relation 

(specifically for low H values), that defines variation of TSG(H) with H which reveals decrease in TSG with 

rise in H and is expressed mathematically as below: 

𝐻2 = 𝐴1 (1 −
𝑇SG(𝐻)

𝑇SG(0)
)

3

                                                                 (1.3) 

 
In the above relation, A1 is a characteristic constant. Additionally, the field variation of TSG represented by 

de Almeida−Thouless (AT)−line may be extrapolated to the zero-field value (TSG(0)) which determines the 

spin freezing temperature TSG accurately. Such interesting field dependent trend in TSG has got many 

experimental evidences soon after the invention of the AT theory [84-86]. On the other hand, although works 

by Gabay and Toulouse on disordered Heisenberg systems agreed on the characteristic AT−line behavior of 

TSG, yet they claimed two transitions in the H−T plane pertaining to the breaking of ergodic and replica 

symmetries. According to the Gabay and Toulouse the field dependency of TSG follows the equation given 

below. 

𝐻2 = 𝐴2 (1 −
𝑇SG(𝐻)

𝑇SG(0)
)                                                                  (1.4) 

 
Here A2 is a constant. Equation (1.4) is known as the Gabay−Toulouse (GT)−line. Later, Sherrington et al. 

suggested that both the symmetry breakings (replica and ergodic) occur at the same transition simultaneously. 

Nevertheless, the other transition at lower temperatures may not correspond to a thermodynamic phase 

change, giving rise to the GT− and AT−lines in the H−T plane [87]. A small (+ve) single-ion anisotropy may 
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present in these systems, which would lead to the appearance of the lower temperature GT−line in comparison 

to higher temperature AT–line. Conversely, a small magnitude of –ve single-ion anisotropy results in the 

AT−line preceded by the GT−line at higher temperatures in the H−T phase diagram [88]. Moreover, the 

exchange anisotropy (even if it is not adequately weak) is also capable of driving the system to exhibit both 

the AT− and GT−lines [89]. Additionally, the GT−line critical behavior arises only when the external field 

perfectly aligns along the internal field. Nonetheless, the AT−line feature is more robust and common [90] 

feature noticed in many spin-glasses including the cluster-glass and canonical SG systems. 

 

1.4.3.2. Hamiltonian Models for a Spin-Glass State: 

 Edwards−Anderson (EA) Model: 

For the first time, in 1975, S. F. Edwards and P. W. Anderson together proposed a solvable Hamiltonian 

model for the SG systems considering that there is no mean FM or AFM ordering present in the system. The 

reason they provided is that in the ground state, each of the magnetic spin is oriented in a specific direction, 

although the individual spins appear random to one another [91]. For spins arranged on a d-dimensional 

lattice having only nearest neighbor interactions (similar to the Ising model), the proposed model can be 

exactly solved for the critical temperatures for T ≤ TSG. The Hamiltonian based on the mean-field-theory 

under zero external field can be expressed as: 

𝐻 = − ∑ 𝐽𝑖𝑗𝑆𝑖𝑆𝑗

<𝑖𝑗>

                                                                       (1.5) 

 
Here in equation (1.5), Si takes Ising-like values = ±1 and Jij corresponds to the interaction between 

independently distributed spins. A typical Gaussian model with the probability density distribution (P(Jij)) is 

given by: 

𝑃(𝐽𝑖𝑗) =
1

√2𝜋𝐽2
 exp {−

(𝐽𝑖𝑗 − 𝐽0)
2

2𝐽2 } = 𝑝𝛿(𝐽𝑖𝑗 − 𝐽) + (1 − 𝑝)𝛿(𝐽𝑖𝑗 + 𝐽)                    (1.6) 

 
In equation (1.6), J0 is the mean with variance J 2, while Jij is either +ve J (with probability ‘p’) or –ve J (with 

probability ‘1−p’). With use of the replica method the above problem can be solved below a certain 

temperature which provide the evidence for the glassy phase present in the system [92]. 

 

 Sherrington−Kirkpatrick (SK) Model: 

A modified solution for SG systems was given by David Sherrington and Scott Kirkpatrick in the same 

year 1975, considering infinite-ranged random interactions of the coupled spins in the EA model [93]. The 

model is analogous to the Ising model with LR frustrated FM as well as AFM couplings which focuses mainly 

on competing exchange interactions between the FM and SG phases along with the type of order present in 

the system. Overall The Hamiltonian for the SK model is therefore given by, 
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Figure 1.8: Phase diagram of the SK model. The solid blue lines are boundaries between different phases. As the replica-

symmetric solution is unstable below the dash-dotted AT−line, a Mixed phase emerges between the spin-glass (SG) and 

ferromagnetic (FM) phases. At high temperatures, the system enters in to the paramagnetic (PM) region. 

 

𝐻 = − ∑ 𝐽𝑖𝑗𝑆𝑖𝑆𝑗 −

𝑖<𝑗

ℎ ∑ 𝑆𝑖

𝑖

                                                          (1.7) 

 
The first summation term on the right-hand-side of equation (1.7) includes N(N−1)/2 number of distinct pairs 

of spins and the coupling Jij is related to Quenched disorder. Then the probability distribution function 

becomes: 

𝑃(𝐽𝑖𝑗) =  
1

𝐽
√

𝑁

2𝜋
 exp {−

𝑁

2𝐽2
(𝐽𝑖𝑗 −

𝐽0

𝑁
)

2

}                                         (1.8) 

 
where, the mean and the variance both varies as inverse of N as given below. 

[𝐽𝑖𝑗] =  
𝐽0

𝑁
 ,    and    [(Δ 𝐽𝑖𝑗)

2
] =  

𝐽2

𝑁
                                              (1.9) 

 
We note that such normalization is necessary since extensive properties like the specific heat and energy are 

found proportional to N for the above normalization of interactions. Further calculations based on the replica 

symmetry solution yielded the phase diagram given below. Later, the equilibrium mathematical solution was 

established by Giorgio Parisi in 1979, regarded as the Parisi solution [94]. Needless to say that several 

attempts have been made to the solve the above problem by introducing the cavity method which provide 

exactly solvable models of SG state Hamiltonian problem without the use of replicas [95]. 

 

1.5. Dielectric Relaxation and Conduction Mechanism: 

It is well known that any dielectric material is treated as an electrical insulator at room temperature, yet 

it can store charge because of its polarizability and capacitive effect. Dielectric materials have always been 

on demand due to their applicability in microwave electronic industry especially their utility is quite 

TH-3139_186121027



Chapter 1 | Introduction: Geometrical Frustration in Spinels 

14 | P a g e  

 

noteworthy in the field of low-loss electrical components, low-κ/high-κ gate electrodes in semiconductor 

devices, batteries, supercapacitors, sensors and transducers [96-99]. Interaction with externally applied ac-

electric field reveal abundant information related to the type of polarization and ac-conductivity including 

many other intrinsic features of broadband dielectric spectroscopy in which the fundamental physical 

properties are mostly driven by the grain and grain boundary response for various frequencies and 

temperatures. In general, the externally applied ac-signal (Vac) covering a wide range of frequencies separates 

out the contributions among various polarization phenomena of the sample, most common mechanism that 

we usually notice in many High-κ dielectrics being electronic, ionic, dipolar/orientation and space charge 

etc. Impedance Spectroscopy is an important technique through which one can easily probe such popular 

polarization mechanism in terms of the capacitive and inductive properties of a system [100]. Under an 

external electric field, the localized electrons can hop between two charge defect states and the 

induced/permanent dipoles reorient with respect to the frequency of ac-signal. Also, the Polarons can hop or 

tunnel across the grains and gives rise to finite electrical conduction. At some particular frequencies, a 

momentary lag occurs in the response of the dipoles/charge carriers, which is referred to as relaxation. A note 

to be added is that the dielectric relaxation mechanisms should not be confused with molecular vibrations or 

the resonant electronic transitions for the fact that the former are much slower as compared to the later 

(frequency is greater than 1012 Hz). All these phenomena are systematically elaborated in Chapter 6 which 

deals with the dielectric properties of Cu-Zn spinel oxides. This chapter also provide clarity on different types 

of polarization, charge conduction mechanisms and various relaxation phenomena along with the underlying 

physics. 

 

1.6. Description of the Research Problem and Our Approach: 

Among the various classes of spinel-Pyrochlores, the franklinite, ZnFe2O4 (ZFO) manifests high MF 

index (f = 12) with very low TN ~ 10 K and θ around 120 K. Such high degree of MF in ZFO with suitable 

magnetic or non-magnetic element substitution at the B site is expected to result in novel magnetic 

phenomena, such detailed study was rarely available in the literature when this problem was undertaken. 

Additionally, substitution of Jahn−Teller (JT) active element at B site in the spinel lattice is expected to 

enhance the MF by introducing structural distortion to lower symmetry. Aiming at such concept, we 

substituted JT active Mn3+ and Cu2+ in the bulk ZFO and the results are clearly discussed in Chapter 3. We 

adapted the approach to bring the solution to this problem by probing the plausible exchange coupling 

strength (J) of the ZFO system where a drastic alteration in J may take place due to the substitution of above 

mentioned JT active elements and a weakly magnetic Ruthenium (Ru3+) at B site. Hence, a detailed 

magnetization study (both dc and ac) is required on the above proposed systems to determine the exact 

magnetic nature in terms of short-range (SR) and LR magnetic orderings and to map the relevant parameters 

in the field-temperature (H−T) plane. Extensive results on such study is discussed in Chapter 4. On the other 

hand, complete substitution at the A site in ZFO with JT active Cu2+ hosts significant degree of tetragonality 

in the crystal structure, changing its magnetic properties from AFM to ferrimagnetic (FiM) ordering, and all 
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together leads to a mixed spinel configuration owing to the complex site distribution of divalent Cu. Although 

few reports are available on the magnetic and structural properties of the intermediate compositions (x) of 

Cu1−xZnxFe2O4, there is no systematic study available in the literature pertaining to their magnetic, dielectric 

and structural properties. Hence an attempt has been made in the Chapter 5 of this thesis to study the magnetic 

behavior of Cu1−xZnxFe2O4 bulk polycrystals in detail and to probe the variations of exchange interaction 

along with the change in crystal structure across the pC. Finally, a systematic correlation between the magnetic 

and impedance spectroscopy parameters of Cu1−xZnxFe2O4 systems are studied (Chapter 6) in consonance 

with its magnetic counterpart which are expected to be useful for the microwave applications. 

 

1.7. Organization of the Thesis Work: 

The organization of the remainder of this thesis work is as follows: 

(i) The Chapter 2 elucidates the synthesis procedure and different characterization techniques carried 

out on the proposed systems. 

(ii) In Chapter 3, a detailed dc and ac magnetic measurements are performed along with the heat 

capacity and neutron diffraction measurements on the bulk Zn0.8Cu0.2FeMnO4 system to probe the 

coexisting SL and SG states. 

(iii) The investigation in Chapter 4 is focused on the B site substitution effect of weakly magnetic Ru 

in ZFO. Additionally, dilution effect of JT active Cu2+ is also probed in the light of several short- 

and long-range magnetic orderings that arise from the exchange coupling among the weakly 

magnetic moment ions. 

(iv) The Chapter 5 contains a detailed crystal structural and magnetic analysis on the intermediate 

compositions where the two end compounds are ZFO and CuFe2O4. Study of the M−H hysteresis 

loop results provide a better insight in to the varying exchange coupling as we deviate from the 

Pyrochlore ZFO, and also across the structural transition that appears on approaching CuFe2O4. 

(v) A comprehensive study of the dielectric parameters, acquired from the impedance spectroscopy 

measurements, is executed in Chapter 6 on the Cu1−xZnxFe2O4 series of systems in consonance with 

the magnetic results attained in Chapter 5. 

(vi) Lastly, Chapter 7 highlights all the key results obtained in this thesis work and its future scopes. 
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Chapter 2 

Experimental Details and Methodology 

 

This chapter describes all the experiments carried out during the PhD work along with the methodology 

and work plan. First section of this chapter deals with the synthesis procedure of bulk spinel samples, 

meticulously. In the later sections, we discuss various characterization techniques employed to study the 

crystal and electronic structure, magnetic (along with neutron diffraction and heat-capacity measurements), 

and dielectric properties of Zn-Cu-based spinel oxides. The precursors used here for synthesis purpose were 

procured from Alfa-Aesar GmbH and Sigma-Aldrich Chemicals. 

 

2.1. Synthesis by Solid State Reaction Method: 

In the current study we prepared bulk grain sized spinel ferrite samples using the standard solid-state 

reaction (SSR) method. The SSR method involves multiple steps such as Ball-Milling (BM) (an alternate 

way is to grind with an agate mortar and pestle) and calcination, which lead to volatilization of the 

crystallizing water resulting in formation of dry-precursor. This technique is one of the easiest, cost-effective 

and thermodynamically stable method to synthesize the ceramic systems [101]. One of the main advantage 

of this technique is that one can choose a wider spectrum of precursors like oxides and carbonates, which are 

mostly in their solid form. The precursors should be mixed thoroughly to obtain a homogeneous mixture, and 

then must be heated as the solids will not react with each other at room temperature. In the following sections, 

different steps involved in the SSR technique is discussed in detail along with the flow-chart (figure 2.1). 

For our work, stoichiometric amounts of ZnO, Fe2O3, MnO2, RuO2 and CuO were chosen as the starting 

compounds (precursors). To attain the high degree of homogeneity and to avail higher surface area for 

reactants, these stoichiometric amounts of precursors were mixed and ground together in an agate mortar for 

4−5 hours, or ball-milled for the required time duration. Such mixture was first calcined in air for 4 h between 

600 °C and 900 °C to remove the volatile substances. This mixture was pelletized using both 13 mm (and 15 

mm) diameter KBr die-set and hydraulic-press to form compact cylindrical pellets. These pellets were finally 

sintered in the temperature range 900−1200 °C for 4−8 hours in air with heating rate 5 °C/min which led to 

chemical decomposition and resulted in the formation of the desired dense ceramic compound. The final 

sintering temperature and pre-sintering conditions were varied depending on the nature of the composition. 

 

2.1.1. Homogenization of the Precursors using Ball-Milling: 

Using the planetary BM all the precursors are homogenized/mixed uniformly. The schematic diagram of 

the planetary Ball-Mill that is shown in figure 2.2 which is used for mechanical alloying or for mixing and 

perfect homogenization of emulsions and pastes. In the present case, we employed the Planetary Mono Mill 

model PULVERISETTE 6 classic line from FRITSCH GmbH. This is a high-performance Planetary Ball 

Mill with a single grinding bowl mount and practical easily adjustable imbalance compensation. This 

instrument has high-energy effect of up to 650 rpm. This ensures a constantly high grinding performance  
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Figure 2.1: Flow-Chart for Solid-State Reaction technique followed to synthesize bulk Zn0.8Cu0.2FeMnO4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Schematic representation of how a planetary Ball-Mill works. Image on the left (a) shows the cascade action 

that happens inside the zirconia jar during the operation and the image on the right (b) shows the photograph of the Ball-

Mill that was used in this work.  

Zirconia Jars 

Zirconia balls 

(a) 

(b) 
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with extremely low space requirements for loss-free grinding results for the formation of hard, medium-hard, 

brittle and moist materials which is dry in suspension or in inert gas. Its arrangement consists of a hollow 

cylinder with zirconia balls placed in it. These balls can be occupying about 35−45% of the milling medium. 

Generally, BM is executed by placing the precursors in the jar made of high-dense ceramic materials such as 

zirconia or alumina (or tungsten carbide) with tiny balls made of same material as that of the jar, which 

weighs about 3−5 g each and of 10 mm diameter. The chemical composition of Mg stabilized zirconium 

oxide grinding bowl (250 ml volume) and balls should be between 94.2% and 95.2% of zirconium oxide 

(ZrO2), 1−2% of hafnium oxide (HfO2), 3.5% magnesium oxide (MgO), 0.1% of silicon dioxide (SiO2) and 

0.1% aluminium oxide. The fact behind using different sized balls is that the larger balls helps to breakdown 

the coarse feed material and the smaller balls helps to produce finer powder by reducing void space between 

the larger ones. Since, smaller particles offer larger area (greater surface to volume ratio) compared to larger 

particles, this improves the reaction probability. Another advantage of BM is that it can improve the density 

of the ceramics during sintering due to the reduced particle size. To synthesize the Cu-Zn spinel-ferrites, we 

carried out BM with ethanol as the milling medium, maintaining a speed of 150 rpm for 8 hours and a periodic 

break of 2 minutes. The slurry thus formed was heated in oven at 120 °C in air to remove the water content. 

This slurry is from what one obtains the parent Cu-Zn ferrites after the heat treatment as discussed below. 

 

2.1.2. Calcination: 

The IUPAC definition for calcination is ‘heating to high temperature in atmosphere or in the presence of 

air or oxygen [102]. Calcination is a pre-heating treatment prior to sintering (Section 2.1.4) which is carried 

out at a much lower temperature than the melting point of the material in a controlled environment. This is 

the step where decomposition of the precursors occurs by the elimination of carbonates as carbon dioxide 

(CO2), sulphates as sulphur dioxide (SO2), moisture, water of hydrates. Also, in the case of metallurgy, 

calcination removes organic matter from the ore. Calcination is also known to provide better thermal and 

weather stability. The duration of calcination, gas ambience (either air, Ar, N2 or O2) and the temperature 

also plays an important role for the phase formation. Calcination temperature or the phase formation 

temperature is generally decided from the differential scanning calorimetry (DSC) technique [103]. 

 

2.1.3. Densification or Pelletization: 

After calcination, phase formation of Cu-ZnFe2O4 ceramics is complete which can be confirmed by x-

ray diffraction technique (discussed in Section 2.2.1) by verifying the presence of any secondary phases (or 

impurities). Desired amount of the sample (obtained after calcination) is weighed accurately to the third 

decimal and mixed using an agate mortar and pestle for 1 h in a dust free environment, simultaneously adding 

appropriate amount of poly-vinyl alcohol (PVA). This is executed to further ensure uniform and 

homogeneous mixing of the sample, before pelletizing. With rise in temperature, the added PVA evaporates 

at around T = 250 °C, much below the calcination/sintering temperature. This mixture of the sample and 

PVA is then transferred part by part into the die as per requirement to prepare the pellets one after another. 
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Figure 2.3: (a) Schematic representation of Pelletization of sample using a die-set, (b) Picture of upper and lower punch, 

(c) Top view of the complete die set, (d) Lateral view of the die set, and (e) View of how a die set appears after sample 

loading and ready to be installed in a hydraulic press, and (f) the Hydraulic press that we used for Pelletization of the 

samples with loaded die. 

 

The die filled with adequate sample is then placed on a hydraulic press. It is made sure that the pressure is 

applied at a slow rate to allow the escape of the trapped air. If the applied pressure is Pa , then the gradient of 

pressure Pz at the top of the pellet dies out exponentially as per the below relation. 

     𝑃z = 𝑃a 𝑒𝑥𝑝 (−
4𝜇𝜉𝑙

𝑑
)     (2.1) 

 
In the above equation, μ is the coefficient of friction along the die wall, 𝜉 is an arbitrary constant that 

accounts for the particle friction, l and d are the length and diameter of the pellet, respectively. Using of 

binder can reduce the coefficient of friction between the walls of the die during the application of uniaxial 

pressure. Figure 2.3 shows the process of Pelletization and the die used for this work. The green compact, or 

the homogeneous mixture lack mechanical strength to withstand even small physical stress, also it possesses 

high porosity. Hence one can proceed for further heat treatments, commonly referred as ‘sintering’, which is 

discussed in the following section. 
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Figure 2.4:  Schematic diagram showing the variation in the interfacial energy parameters γ and A with sintering. 

 

 

2.1.4. Sintering: 

Consolidation of the powder compacts by application of heat is known as sintering. On supplying the 

thermal energy close to its melting point (usually 3/4th of melting point), inter-particle bonding occurs by the 

process of inter-particle diffusion due to which the powder densifies and average grain size increases. This 

common phenomenon that occurs during sintering is called as densification and grain growth [104]. There 

are basically, two types of sintering: (i) Liquid-phase sintering and (ii) Solid-state sintering. As the name 

suggest, when the thermal treatment is done entirely to a solid content, it is called solid-state sintering. If the 

temperature of sintering exceeds the melting temperature of one of the chemical constituent, then it is 

commonly known as liquid-phase sintering. Along with the temperature, the atmosphere also plays a vital 

role on densification. One of the driving force for researchers to do sintering is the fact of reducing the surface 

area. The green compact consists of many individual particles itself, each possessing its own surface area. 

By controlled supply of heat energy, one can facilitate good amount of grain growth which results in decrease 

in the surface area. It is this reduction in the surface area that results in densification, or in other words, we 

can say that larger the surface to volume ratio, larger is the driving force for agglomeration. During a 

conventional sintering, following processes are known to occur to the powder compact: (i) Particle bonding 

via necking, (ii) neck growth, (iii) pore channel closure and (iv) pore shrinkage. All these processes can be 

accounted for by the total interfacial energy represented as γA, where γ is the specific energy of the interface 

Densification 

𝛥𝛾 · 𝐴 

Coarsening 𝛾 · 𝛥𝐴 𝛥(𝛾𝐴) 

Densification and  
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and 𝐴 is the total interfacial surface area of the powder compact. Reduction in the total interfacial energy can 

be written as, 

    Δ(γA) = (Δγ · A) + (γ · ΔA)     (2.2) 

 
In the above equation, Δγ is due to densification and ΔA is due to grain growth [105]. Figure 2.4 shows the 

variation of interfacial energy or the driving force during sintering. Grain growth and lattice diffusion are the 

important aspects for eliminating porosity. This elimination in one way is important in the increase of overall 

density. Sintering temperature is thus an important factor to obtain highly dense material.  

 

2.2. Characterization Techniques: 

2.2.1. Crystal Structure and Morphology: 

In the present thesis, the crystal structure and phase purity of the synthesized samples were determined 

by using the X-ray diffraction (XRD) analysis. The XRD is an important non-destructive technique primarily 

used for the phase identification of a crystalline material and provides detailed information on the unit cell 

dimensions and inter-axial angles. This technique also provides useful information of various structural 

properties of crystalline compounds such as the 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 sample. When an x-ray beam, generated by a cathode ray tube, is 

radiated/incident upon a crystal, the beam undergoes diffraction from the set of planes (Miller indices (hkl)), 

once the geometrical condition satisfies the Bragg’s law given below [106]: 

2𝑑ℎ𝑘𝑙 sin𝜃 = 𝑛𝜆       (2.3) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Schematic diagram for Bragg’s law of diffraction. 
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In the above equation ‘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 2.5 shows the 

geometry of the Bragg’s law for the XRD from a set of crystallographic planes. The locus of the diffracted 

beams taken together from the different set of planes is collectively known as the diffraction pattern of the 

crystal. For the present work, the XRD from Rigaku Smartlab (model: TTRAX-III) diffractometer (18 kW 

rotating anode x-ray source) with Cu-Kα as the radiation source (λ = 0.15406 nm) was used to study the 

crystal structure and phase purity. This XRD instrument works under the Bragg−Brentano reflection 

geometry with a specific arrangement where the sample stage is fixed at the centre of the circle, and both the 

x-ray source and detector rotates using a goniometer assembly. In order to extract the detailed 

crystallographic information from the obtained diffraction pattern we have also performed the Rietveld 

refinement using the open source programs FullProf Suite and Powder-cell [107,108]. On the other hand, to 

probe the surface morphology and microstructure of the samples investigated in the present work we 

employed a scanning electron microscope (SEM, M/s LEO, 1430vp) working under secondary-electron (SE) 

mode. This instrument is also equipped with energy dispersive x-ray spectrometer (EDS/EDAX) which is 

used to trace the elements present in the samples. 

 

2.2.2. Elemental Analysis using the X-ray Photoelectron Spectroscopy: 

In the present thesis, X-ray photoelectron spectroscopy (XPS) was employed to probe the composition 

and chemical states of the investigated samples. This technique is one of the most powerful non-destructive 

surface sensitive technique to study the chemical and physical phenomenon occurring at the surfaces of 

various materials such as metals, oxides, semiconductors, glasses, polymers etc. The XPS was first developed 

by Prof. Kai Siegbahn and co-workers at Uppsala University, Sweden between 1940 and 1950 and later 

awarded Nobel Prize in 1981. This spectroscopy technique has gained attention by the scientific community 

due to the following important reasons: (i) It can provide the quantifications of elemental composition from 

the solid surface up to a thickness of ≤ 10 nm, (ii) it can also provide an insight to the chemical and atomic 

environment of the elements present in the compound, (iii) using XPS, one can obtain the above information 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Schematic diagram for Photoelectric effect. 
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with relative ease and minimal sample preparation, (iv) the ability to explore first few atomic layers and 

assign chemical states to the detected atom, and (v) since the mean free path of the electrons in any solid is 

very small, the detected electrons originating from the top few atomic layers provide important information 

which makes XPS a unique surface-sensitive technique for the chemical analysis. In XPS, a monochromatic 

beam of soft x-rays (Mg-Kα (1253.6 eV) and Al-Kα (1486.6 eV)) are exposed to the sample which interact 

with the core-level electron and transfer its energy to the electron leading to emission of the core-level 

electrons (Photoelectric effect). The XPS spectrum is recorded between the variations of the number of 

detected core-level photoelectrons per energy interval versus their kinetic energy or binding energy. Each 

element has a unique XPS characteristic spectrum. For the system containing different set of elements, the 

spectrum is comprised of intermixture of the individual peaks of the constituent elements. 

Basic principle behind the XPS is the Photoelectric effect in which electrically charged particles are 

released from or within (core) of a material when it absorbs electromagnetic radiation as shown in figure 2.6. 

In the case of XPS, the interaction of soft x-rays with the specimen leads to photoemission process and its 

energy is analyzed by the spectrometer. Generally, the x-ray radiation (usually, Mg-Kα and Al-Kα) is capable 

of inducing electrons not only from the outer shells but also from the core levels. Emission of an electron 

from the 1s shell of an atom is schematically represented in figure 2.7. The kinetic energy of an incident 

photoelectron (EK) is equivalent to the difference between the x-ray photon energy (hν) and the binding 

energy of core-level electron (Eb). Relation between these parameters and the work function of the instrument 

(Φs) is given by the below equation [109-111]: 

Eb = h − EK − Φs     (2.4) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Energy level diagram for the emission of core-level photoelectron. 
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Figure 2.8: Energy level diagram for the emission of Auger electron. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Energy level diagram to understand the Shake-up/Shake-off process. 
 

Besides, the work function of the instrument (Φs) is defined as the difference between the energy of the fermi 

level (EF) and the energy of the vacuum level (EV), with EV being the zero point of the electron energy scale: 

 
Φs = EF − EV      (2.5)  
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Usually, Φs will be determined from a detailed calibration of the spectrometer used. From equation (2.5) 

it is clear that only binding energies lower than the excitation radiation (in the present case it is 1486.6 eV 

for Al-Kα and 1253.6 eV for Mg-Kα) are probed. In addition to the photoelectric process, relaxation of the 

excited ion may occur by the emission of Auger electrons (figure 2.8). The Auger emission dominates for 

elements having low atomic numbers (Z < 30). When an electron is emitted from a core level, another electron 

from a higher level falls to occupy the core level vacancy [109-111]. In order to conserve the total energy of 

the system, a third electron is emitted during this process, which is known as Auger electron (figure 2.8) 

[109-111]. Auger emission is independent of the photon energy and therefore the x-ray source. Another 

important relaxation process, which can significantly contribute to the XPS spectrum, is the “Shake-

up”/“Shake-down” process in which electrons from the valence levels are excited to the bound/unbound 

states (figure 2.9). Moreover, ‘multiplet’ splitting of the XPS peaks can also occur when atoms having 

unpaired electrons couple with other unpaired electrons in the atoms giving rise to several possible final state 

configurations, consequently peaks shift to higher binding energy from the principle peak [109-111]. Some 

less intense Plasmon peaks also appear at higher binding energies from the principle peak at equal spacing 

due to specific amounts of energy losses when the photoelectron excites free electrons in a material. 

 

2.3. 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 are 

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 (1.9 K) measurements [112,113]. 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 [114,115]. Usually, SQUID consists of two superconductors separated by a 

thin insulating layer to form two parallel Josephson junctions as shown in figure 2.10(a). These Josephson 

junctions act as a magnetic flux-to-voltage transducer. The basic principle governing the operation of a 

SQUID device is based  on the flux-quantization in superconducting (SC) loops and the Josephson-effect 

[116]. 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 [112,115]. Following 

subsections deals with the instrumentation, basic principles, relevant units to SQUID magnetometry, and also 

with the sensitivity and detection limits of the instrument.  

 

2.3.1. 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,  
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Figure 2.10: (a) Schematic diagram of a SC ring that consists of 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. 
 

namely I1 and I2 which experience a phase shift while passing through the two Josephson junctions X and Y 

(see figure 2.10(a)). The two phase shifted currents (I1
′  and I2

′ ) interfere at the terminal 2 and the resultant 
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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 the magnetic flux quantum = hc/2e 

= 2.07 × 10−7 G 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 (figure 2.10(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 figure 2.10(a). The SQUID sensor 

changes the magnetic flux to the output voltage which is proportional to the change in magnetic moment of 

the sample (figure 2.10(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 every SQUID 

is not precisely 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 the raw data, often called as “last scan,” where VSQUID is plotted against the 

sample position (xpos), as demonstrated in figure 2.10(b). In order to suppress the influence of all kinds of 

external magnetic fields, the pick-up coil is made as a second order gradiometer (surveying instrument used 

for measuring the gradient). The entire detection system is sketched in figure 2.10(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 execute 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 
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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 the 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 unit, B is measured in Gauss (G), while H is measured in 

Oersted (Oe), and in vacuum both quantities are same. In the SI unit, 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 field and less than 2 × 10–7 emu up to the full-field conferring 

to the 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 both SQUID magnetometer and VSM based 

PPMS (discussed in below sections). Throughout this work we used the standard MPMS/PPMS sequences 

for the M−H and M−T measurements under both zero-field-cooled (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 value 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 H and no-field (H = 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 (≤ 500 Oe) 

and under sweep mode (no stabilization of the temperature). However, few measurements were performed 

under settle mode with small temperature interval. Before the beginning of sequence for low-field 

measurements, 3 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 
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measurement system comprise the following major constituents: (i) Temperature control system which 

precisely control the temperature in the range 1.85 K to 400 K. (ii) Magnet control system which is the current 

from a power supply set to provide magnetic fields from zero to ±9 T. (iii) Superconducting SQUID amplifier 

system that is the DC SQUID detector and is the heart of the magnetic moment detection system; meant to 

provide reset circuitry, auto-ranging capability, a highly balanced second-derivative sample coil array. (iv) 

Sample handling system which has the ability to step and rotate the sample through the detection coils without 

transmitting undue mechanical vibration to the SQUID, hence is of primary importance. (v) Computer 

operating system that is all the 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 the individual functions. 

 

2.3.2. AC Magnetic Susceptibility: 

In this subsection 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 h = 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 relation: 

χac = Mac /h. 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,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: Schematic setup of a SQUID-based ac susceptometer [117]. 
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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 or real component (χ') and out-of-phase or 

imaginary component (χ''). Here, the imaginary component (χ'') relates to dissipation/loss in the system. Thus, 

the ac susceptibility may be written as a complex quantity: χac = χ' + χ''. Here,                                                      

𝜒′ = Re[𝜒ac] = 𝜒0cos𝜑 =
𝜒0

1 + (𝜔𝜏eff)
2

                                               (2.6) 

𝜒′′ = Im[𝜒ac] = 𝜒0sin𝜑 =
𝜒0

1 + (𝜔𝜏eff)
2

 𝜔𝜏eff                                       (2.7) 

 
and χ' / χ'' = tanφ = ωτeff. In the above equations, φ represents the phase delay of the time-varying 

magnetization (M(t)) relative to the applied ac magnetic field (h(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 

[118]. 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 the 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 (χ') and imaginary (χ'') components of ac susceptibility can be detected. Figure 

2.11 shows a schematic of the detection process of ac susceptibility. 

 

2.3.3. 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 [119]. 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 + AT 3, where γ and A are the constants which are characteristics of the material under 

investigation. The contribution from the 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  
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Figure 2.12: Schematic of the specific heat measurement assembly and connections adopted from Quantum Design 

PPMS. 

 

the sample [120]. Figure 2.12 illustrates the schematic of thermal connections to the sample and sample 

platform in the 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 

explains methodology of the neutron diffraction technique, we have used to investigate the structure and 

magnetic behavior of the complex spinel oxide Zn0.8Cu0.2FeMnO4. 

 

2.3.4. Neutron Diffraction Technique: 

For the specific system Zn0.8Cu0.2FeMnO4, we performed low-temperature neutron diffraction (ND) 

experiments at the Helmholtz Zentrum Berlin (HZB), Germany. These measurements are aimed to probe the 

site dependent magnetic moment, magnetic ground state and details about the crystal structure at various 

temperatures below the TFiM/TN. In principle, the powder ND uses a 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 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 the ND technique. 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, a neutron consists of quarks and 

gluons and possesses spin=1/2 with magnetic moment μn = –1.913 μN, where μN = 
𝑒ℏ

2𝑚p
 is the nuclear magnetic 
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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 × 10−27 kg), neutrons lead 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, ND technique is a powerful tool to probe the crystal 

and magnetic structure of crystalline samples under elastic and inelastic scattering conditions [120-122]. 

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 [123]. 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 ND 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 some other reports [123]. 

 

2.4. Impedance Spectroscopy: 

In order to investigate the dielectric properties and ac electrical conductivity of the investigated samples 

we employed the high precision RF Impedance analyzer. This instrument is an important characterization  

 
Figure 2.13: Typical connections for high frequency voltage measurements. 
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Figure 2.14: Schematic representation of an Impedance Analyzer. 

 

 

Figure 2.15: Connection for a simple impedance measurement. 

 

tool used in the field of ferroelectrics and high-κ dielectrics using which one can probe the different relaxation 

mechanism and transition temperatures [124-126]. The frequency and temperature dependence of ac 

resistivity and dielectric permittivity of the bulk Cu1−xZnxFe2O4 polycrystalline samples were measured using 

two different high precision RF Impedance analyzers; one from Solartron (SI1260A) and other from Wayne-
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Kerr Electronics Pvt. Ltd. (model 1J6530B). Both these instruments are equipped with temperature controller 

(Eurotherm-2204 e) and a heater capable of reaching 600 °C. For these measurements, two sides of the 

sintered pellet were fashioned like parallel-plate electrode geometry using silver coating. Constant ac peak-

to-peak sinusoidal driving potential of 100 mV (or 1 V during measurements in Wayne-Kerr Impedance 

anlyzer) with varying frequencies between 20 Hz and 20 MHz has been used as input signal.  In order to 

match the input/output impedances of the instrument and investigating sample under high frequency limits, 

a 50 Ω feed-through terminator cable was connected at the input and simultaneously a 50 Ω power splitter 

was used at the output terminal as shown in figure 2.13. The most common and standard technique to measure 

impedance is by applying a single-frequency voltage (V) or current (I) to the interface and measuring the 

phase shift and amplitude (or the real and imaginary parts) of the resulting current at that frequency using 

either analog circuit or fast Fourier transform (FFT) analysis of the response [127-128]. 

Generally, three different types of electrical stimulations can be used: (i) For the transient measurements, 

a step function of voltage [V(t) = V0 for t > 0, V(t) = 0 for t < 0] may be applied at t = 0 to the system and 

the resulting time-varying current I(t) is measured. The ratio V0/I(t), often called as the indicial impedance 

or the time varying resistance, measures the impedance resulting from the step function voltage perturbation 

at the electrochemical interface. (ii) The second technique is to apply a signal V(t) composed of random noise 

to the interface and measure the resulting current. Fourier-transformation of the results is required to pass 

into the frequency domain and obtain definite value of the impedance. This approach offers the advantage of 

fast data collection because only one signal is applied to the interface for a short time. The technique has the 

disadvantage of requiring true random noise. (iii) The third approach, the most common and standard one, is 

to measure impedance by applying a single-frequency voltage or current to the interface and measuring the 

phase shift and amplitude, or real and imaginary parts, of the resulting current. Figure 2.14 shows the general 

architecture of any commercial Impedance-Gain-Phase Analyzer. Figure 2.15 shows the simplest way of 

connecting the capacitance (C) and resistance (R) network of the measurement. The following are the four 

specific components that we extracted to study the dielectric behavior of bulk Cu1−xZnxFe2O4: Capacitance 

(C), Dissipation factor (D), Impedance (Z), and Phase Angle (Ф). 
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Chapter 3 

Spin-Liquid State in Frustrated Tetragonal Spinel (ZnCu)FeMnO4 

 

This chapter deals with the Spin-Liquid state below the glassy phase of tetragonally distorted frustrated 

spinel pyrochlore ZnFe2O4 with dilute dispersion of Cu at Zn sites. We also probed the role of Jahn−Teller 

active trivalent Mn substitution on the B site along with divalent Cu at A sites. First section of this chapter 

deals with the introduction on spinel pyrochlores along with a detailed literature review on the current status 

of ZnFe2O4 based spinels. The later sections provide motivation, experimental details and their results. In the 

discussion part we first discuss on the crystal structure and provide extensive analysis on the magnetization 

data to investigate the novel magnetic phenomena. Most importantly this chapter includes a unique approach 

to probe the novel spin-liquid state using both ac- and dc-magnetic susceptibility studies including the 

thermoremanent magnetization data. In the end, a brief summary of the important findings is highlighted.  

 

3.1. Literature Review, Motivation and Objectives: 

In this section, we mostly discuss about various properties of ZnFe2O4 based spinels and the frustration 

driven phenomena in other spinel pyrochlores. Frustrated magnetic materials as a special class of compounds 

different from ferromagnets, antiferromagnets, ferrimagnets and metamagnets was first noted in a review by 

Ramirez in 1994 [129]. A more recent review by Balents describes how magnetic frustration resulting from 

competing exchange interactions among nearest neighbors (nn) that cannot be simultaneously satisfied due 

to geometry of the lattice can lead to exotic states such as spin-liquids, spin-ice and magnetic monopoles 

[29]. Such geometrical frustration is easily visualized on a triangular lattice with spin on each lattice point 

coupled to nn antiferromagnetically. In this case, all three spins cannot be antiparallel, leading to large 

degeneracy of the ground state and absence of long-range (LR) order. Lattices in two-dimensions (2D) 

suitable for magnetic frustration are edge-sharing triangular lattice and corner-sharing Kagomé lattice with 

spins on each lattice point coupled with nn with AFM interaction [130-132]. In 3D, the corresponding lattices 

with magnetic frustration are edge sharing face-centred cubic (FCC) and corner-sharing Pyrochlore lattice 

[129].  

Another class of materials with inherent magnetic frustration are spinels, AB2O4 with cations occupying 

the 8 tetrahedral A sites and 16 octahedral B sites. As first noted by Anderson [133], spinels containing 

magnetic ions only on the B sites (with A sites occupied by non-magnetic ions such as Zn2+) should lack LR 

magnetic order due to magnetic frustration. This is so because magnetic ions on the B site are arranged on 

corner-sharing tetrahedra, with the tetrahedra forming the FCC structure. This situation resembles the 

Pyrochlore lattice leading to magnetic frustration. 

The idea of magnetic frustration in the spinel structure has been thoroughly tested in the spinel ZnFe2O4 

= (Zn2+)A[2Fe3+]BO4 if the magnetic Fe3+ ions only occupy the B site. An early report by Lotgering on the 

magnetic properties of an annealed polycrystalline sample of ZnFe2O4 (ZFO) showed a peak in the magnetic 
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susceptibility χ vs. T at 15 K which was associated with the Néel temperature TN, possibly resulting from site 

inversion involving the presence of a fraction of Fe3+ on the A site [134]. More recent detailed studies by 

Schiessel et al. on a polycrystalline ZFO employing neutron diffraction (ND), muon-spin rotation (µSR) and 

Mössbauer spectroscopy showed TN ≃ 10.5 K with LR order, although short-range (SR) order was evident 

up to 10 TN and even below TN, up to 20% of sample had SR ordering [135]. In the recent χ vs. T studies in 

both polycrystalline [136] and single crystals of ZFO [137], a cusp has been reported near 11 K. The main 

conclusion from the neutron scattering experiments in the high-quality single crystal of ZFO was that there 

is no LR ordering in this system due to geometrical frustration and that ZFO is effectively a spin-liquid (SL) 

rather than a spin-glass (SG) [137]. The observed θ = 120 K from the Curie−Weiss variation: χ = C/(T − θ) 

with C yielding effective magnetic moment µeff = 4.08 µB is due to dominant ferromagnetic nn exchange 

interaction [137], whereas the third-neighbor interaction J3 is antiferromagnetic [138]. Further, the ratio of 

|J3/J1| is temperature dependent tending towards zero for T > 50 K [138]. However, the density functional 

theory (DFT) calculations of Cheng reported all three exchange interactions J1, J2 and J3 to be 

antiferromagnetic in both ZnFe2O4 and CdFe2O4 with J2 being much weaker than J1 and J3 [139]. These 

calculations, however, do not explain why θ = 120 K in ZFO is positive. 

It is noted that in the cubic spinel GeCo2O4 = (Ge4+)A[2Co2+]BO4 with the similar Pyrochlore lattice, 

where the A site occupied only by non-magnetic Ge4+, recent DFT calculations showed J1 to be ferromagnetic 

and considerably larger than antiferromagnetic J2 and J3 [140]. So a second look at the DFT calculations for 

ZFO is required. In addition, a recent report by Dey et al. on polycrystalline ZFO sample prepared using 

solid-state reaction technique discovered rhombohedral distortion near 110 K accompanied by spontaneous 

electric polarization [141]. So, all issues regarding the magnetic properties of ZFO are not yet resolved. Like 

ZFO, MgMnO3 is also a cubic spinel but with the defect structure: 4 MgMnO3 = 3(Mg2+)A[Mg1/3
2+ Mn4/3

4+ 

Δ1/3]BO4 and with magnetic Mn4+ ions only on the B site [21]. It also showed only SR ordering and absence 

of LR ordering, presumably due to similar magnetic frustration as in ZFO [21].    

In contrast to cubic spinels ZnFe2O4 and MgMnO3 without LR order, ZnMn2O4 is a tetragonal spinel 

because of the presence of the Jahn−Teller (JT) active Mn3+ ions on the B site [142,143] and specific heat Cp 

vs. T data in this system show a magnetic transition at TN ≃ 63 K. Neutron diffraction and µSR measurements 

in this system for T < TN show 2D correlations with full development of ordered magnetic moment due to 

single-ion anisotropy [142,143]. 

In this chapter, we present results on a sample consisting of intermediate composition between ZnFe2O4 

and ZnMn2O4 since results on such systems have not yet been reported. Specifically, the investigated sample 

has the composition Zn0.8Cu0.2FeMnO4 in which we have also added JT active Cu2+ ions to see the effect of 

magnetic dilution in addition to the effect of JT distortions of Mn3+ and Cu2+ ions. After structural 

characterization of this sample using x-ray diffraction (XRD) and x-ray photoelectron spectroscopy (XPS), 

temperature dependence of the ac and dc magnetic susceptibilities, neutron diffraction and temperature 

dependence of specific heat studies were carried out. These studies show the absence of LR ordering in 

Zn0.8Cu0.2FeMnO4, but presence of SR order combined with cluster SG state near 47 K followed by SL state 
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below 9 K. Details of these results and their discussion are presented in the following pages. Below we 

provide details about the experimental synthesis of Zn0.8Cu0.2FeMnO4 together with various characterization 

techniques including their methodology. 

 

3.2. Materials and Methodology: 

There are five important experimental parts in this work: (i) Growth of the bulk samples using standard 

solid-state-reaction method, (ii) Electronic and crystal-structure characterization, (iii) Magnetic 

characterization, (iv) low-temperature heat-capacity measurements and (v) Neutron diffraction studies. For 

the synthesis of polycrystalline bulk samples of Zn0.8Cu0.2FeMnO4 (ZCFMO), we used high purity binary 

transition-metal oxides viz. zinc oxide (ZnO), copper oxide (CuO), ferric oxide (Fe2O3) and manganese (IV) 

oxide MnO2 as precursors. As an initial step, stoichiometric quantities of these oxides were mixed (ground) 

in an agate mortar with pestle for five hours which were then made into 13 mm diameter cylindrical pellets 

using a hydraulic press followed by multiple times sintering at 1200 °C for 8 hours in air with 4 h rising time 

and natural cooling to room temperature. For crystal structure analysis and determination of the phase purity 

of the sample, we used the x-ray diffractometer from Rigaku (Model: TTRAX III) with Cu-Kα radiation (λ 

= 1.54056 Å). The corresponding x-ray diffraction (XRD) patterns and their analysis using Rietveld 

refinement are discussed in next section. To understand the electronic structure and cationic distribution 

analysis we made x-ray photoelectron spectroscopy (XPS) measurements using Thermo-Fisher Scientific 

250Xi system. Detailed frequency and temperature dependence of dynamical magnetization studies were 

carried out using SQUID magnetometer, whereas for the dc magnetization measurements we employed a 

physical property measurement system (PPMS) from Quantum Design of Model DynaCool. The temperature 

dependent specific heat Cp(T) measurements were performed by means of a Quantum Design PPMS system 

using the standard heat-pulse calorimetry in the presence of both H = 0 and 90 kOe from 4 K to 200 K. 

Powder ND experiments on the polycrystalline Zn0.8Cu0.2FeMnO4 were carried out on the instrument E6 at 

the BER II reactor of the Helmholtz-Zentrum Berlin. This instrument uses a pyrolytic graphite 

monochromator selecting the neutron wavelength λ = 2.417 Å. Powder patterns were collected between the 

diffraction angles of 4.6° and 136°. The powder sample was placed in a cylindrical vanadium container with 

the dimensions d = 6 mm and h = 5 cm.  Rietveld refinements were carried out with the program FullProf 

[144] using the nuclear scattering lengths b(O) = 5.805 fm, b(Mn) = −3.73 fm, b(Fe) = 9.54 fm, b(Cu) = 

7.718 fm and b(Zn) = 5.68 fm [145]. In the next section we provide a detailed analysis of core experimental 

results on the crystal structure followed by the magnetic properties. 

 

3.3. Results and Discussion: 

3.3.1. Crystal Structure from Powder Neutron Scattering and XRD: 

The structural characterization of the prepared sample of Zn0.8Cu0.2FeMnO4 using x-ray and ND 

confirmed the monophasic nature of the sample. As evident in the x-ray pattern in figure 3.1, this compound, 

at room temperature (295 K), exhibits the tetragonal spinel structure with lattice parameters a = 5.745(3) Å  
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Figure 3.1: Rietveld refinement analysis of the x-ray and neutron powder diffraction pattern of bulk Zn0.8Cu0.2FeMnO4 

collected at 295 K and 1.7 K, respectively. Due to the better instrumental resolution of the x-ray pattern (inset) it is 

shown that the 004 reflection is broader than the 220. For both the reflections a satisfactory fit is obtained using a 

Lorentzian peak shape. The calculated patterns (red solid line) are compared with the observations (black-filled circles). 

The positions of the nuclear (N) (black bars) as well as the difference pattern of (Iobs − Ical) (blue solid line) are also 

shown. Also shown are the positions of magnetic (M) reflections if long-range ordering is present. But in the difference 

pattern a strongly broaden magnetic reflection is observed in the 2θ range between 20° and 40° close to the positions of 

the reflections (101), (002) and (110). 

 

and c = 9.059(3) Å giving a c/a√2 ratio of 1.115(3). For comparison, the parameter a = 8.52 Å was found 

for cubic ZnFe2O4 [137], and a = 5.72 Å and c = 9.245 Å has been reported for tetragonal ZnMn2O4 giving 

a c/a√2 ratio of 1.143 [143]. The elongation along the c direction results from the presence of JT active Mn3+ 

ions. However, this JT effect is also well established in Zn0.8Cu0.2FeMnO4, where the tetragonal distortion is 

smaller but also strongly pronounced. Although, from our neutron data collected at 1.7 K it is found that the 

tetragonal splitting is somewhat reduced leading to a c/a√2 = 1.06054(10). Here, it is noted that no changes 

could be detected for Zn0.8Cu0.2FeMnO4 concerning the structural part between 1.7 K and 79.4 K. Further, 

our refinements revealed anisotropic peak broadenings, especially for the reflections (220) and (004). The fit 

could be improved by using strain parameter implemented in the FullProf suite [144]. Due to the better 

instrumental resolution of the x-ray data, the half widths could be determined more precisely. Interestingly, 

the best fit of the integrated intensities (shown in the inset in figure 3.1) could be obtained by using a 

Lorentzian peak shape. 

To obtain more information on the crystal structure properties we carried out Rietveld refinements of the 

powder pattern recorded at 1.7 K. Here, it is noted that the scattering power of oxygen is more pronounced 

in ND than in x-ray diffraction which allowed us to determine its positional parameters with higher accuracy. 

Further, we can get important information on the distribution of the metal atoms Mn, Fe, Cu and Zn in the 
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AO4 tetrahedra and BO6 octahedra since their neutron scattering lengths show considerable differences, 

whereas their x-ray form factors are very similar. A satisfactory fit can be obtained for refinements in the 

tetragonal space group I41/amd (No. 141, cell choice 2). The metal ions at the A and B sites are located at the 

Wyckoff sites 4b(0,¼,⅜) and 8c(0,0,0), respectively, and the O atom at the site 16h(0,y,z). The refinements 

resulted in a residual factor RF = 0.0155, where the occupancies of the A and B sites are initially allowed to 

vary using the constraints occ(CuA) + occ(ZnA) = 1 and occ(FeB) + occ(MnB). Here it has to be noted that the 

occupancies of the B site atoms Fe and Mn can be determined with much higher accuracy because of their 

strongly different neutron scattering lengths resulting in the values occ(FeB) = 0.4986(10) and occ(MnB) = 

0.5014(10) which is very close to ratio of 1 : 1. Nonetheless, in the case of refinements of the occupancies at 

A site the difference of neutron scattering lengths of Cu and Zn are much smaller, resulting consequently in 

an enlarged standard deviation. This may also be the reasons that the occupancies are not in good agreement 

with the expected values as per the chemical stoichiometry, because of the dilute incorporation of Cu2+, where 

for occ(ZnA) and occ(CuA) the values 0.913(11) and 0.087(11) (instead of 0.8 and 0.2) are found, respectively. 

Therefore, we have inspected the possibility that Cu at the A site is fully or partially replaced either by Fe or 

Mn. In the next step we carried out a refinement, where Cu is partially replaced by Mn which has a negative 

neutron scattering length. In this refinement we have set occ(ZnA) = 0.8 and occ(FeB) = 0.5 as well as the 

constraints 2×occ(CuB) = occ(MnA) and occ(CuA) + occ(MnA) = 0.2. Finally, we obtained the stoichiometry 

(Mn0.0128(18)Cu0.1872(18)Zn0.8)A [FeMn0.9872(18)Cu0.0128(18)]BO4. This would only give a replacement of Cu by Mn 

at the A site of 6.4 %, which does not support existence of Mn at the A site. At this point feasibility of either 

of the chemical formula (Zn0.8Cu0.2)A[FeMn]BO4 and (Zn0.8Fe0.2)A[Cu0.2Fe0.8Mn]BO4 cannot be ruled out. If 

both Cu and Fe occupy the A site along with Zn, the following constraints are used: occ(ZnA) = 0.8, occ(MnB) 

= 0.5, 2×occ(CuB) = occ(FeA) and occ(CuA) + occ(FeA) = 0.2. Finally, the refinements result in the 

occupancies occ(CuA) = 0.214(4) and occ(FeA) = −0.014. This is a strong indication that the A site is fully 

occupied with Zn and Cu whereas the B site with Fe and Mn giving the chemical formula 

(Zn0.8Cu0.2)A[FeMn]BO4. 

The refinement of the structural parameters of Zn0.8Cu0.2FeMnO4 (table 3.1) revealed a strong elongation 

of the TBO6 octahedra, where the apical bond length dab(TB-O) = 2.1274(11) Å is somewhat larger than the 

equatorial one dc(TB-O) = 1.9752(7) Å, which is finally the cause of the increase of the c/a√2. A similar trend 

was found recently for mixed spinel Ti0.6Mn0.4Co2O4, but weaker pronounced, having the bond lengths dc(TB-

O) = 2.025(4) Å and dab(TB-O) = 1.998(2) Å despite the fact that the c/a√2 ratio is very close to 1 [2]. The 

enlarged c/a√2 of Zn0.8Cu0.2FeMnO4 also leads to an elongation of the TAO4 tetrahedra. Here the bond angle 

c(O-A-O) = 107.76(8) °, having a bisector along the c axis, is slightly smaller than the ideal tetrahedron 

angle of 109.47 °. More information about cation distribution and valence states of the determined interatomic 

T-O distances of Zn0.8Cu0.2FeMnO4 are compared with those obtained from the ionic radii given by Shannon 

[146]. It is noted that the ionic radius of Cu2+ (rCu2+ = 0.57 Å) is closer to the value of Zn2+ (rZn2+ = 0.6 Å) 

than to that of Fe3+ (rFe3+ = 0.49 Å). If one assumes that iron occupies the A site instead of Cu2+ it is more 

likely that iron is in the valence state 2+ (rFe2+ = 0.63 Å, high spin). With this insight, the bond length in the  
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Table 3.1: Results of the Rietveld refinements of Zn0.8Cu0.2FeMnO4 at 1.7 K using neutron powder diffraction data 

collected on the instrument E6. The refinements were carried out in the tetragonal space group I41/amd (No. 141, cell 

choice 2). The metal ions at the A and B sites are located at the Wyckoff sites 4b(0,¼,⅜) and 8c(0,0,0), and the O atom 

at the site 16h(0,y,z). Listed are the positional parameters y and z of the O atom, lattice parameters and the overall 

isotropic thermal parameter Bis. The obtained residual (RF = 0.0155) is defined as RF = ||Fobs| − |Fcalc||/|Fobs|. Further 

the bond distances and angles in the TAO4 tetrahedra (TA = CuA, and ZnA) and TBO6 octahedra (TB = MnB, and FeB) are 

also given. 

 

Structure parameters  Bond distances and angles 

y(O) 0.52219(16)  d(TA-O) [Å] 1.9667(10) 

z(O) 0.24257(13)  da(TB-O) [Å] 1.9752(7) 

Bis (Å2) 0.55(4)  dc(TB-O) [Å] 2.1274(11) 

a [Å] 5.8366(3)  ab(O-A-O) [°] 110.33(7) 

c [Å] 8.754 (5)  c(O-A-O) [°] 107.76(8) 

c/a√2 1.06054(10)*  ab(O-B-O) [°] 84.63(3) 

V (Å3) 298.21(7)  ac(O-B-O) [°] 85.54(6) 

                           * 1.0676(3) x-ray data at 295 K. 

 

TAO4 tetrahedron is found to be d(TA-O) = 1.9667(10) Å. This value is somewhat smaller than the value 2.01 

Å using the ionic radii of Shannon if the composition at the A site is Zn0.8
2+Fe0.2

2+. If the composition 

Zn0.8
2+Cu0.2

2+ (Zn0.8
2+Fe0.2

3+) is assumed the value 1.95 Å (1.87 Å) is obtained using the ionic radii of Shannon. 

Here, it is noted that the value 1.95 Å of the composition Zn0.8
2+Cu0.2

2+ is only slightly smaller than the refined 

bond distance d(TA-O) = 1.9667(10) Å. All these aspects again strongly indicate the chemical formula is 

simply (Zn0.8Cu0.2)A[FeMn]BO4 for which the cationic and spin states of all the individual atoms are 

determined below. 

We also compare the determined bond distance in the TBO6 octahedron with that obtained with the ionic 

radii given by Shannon. Assuming a high- or low-spin state of both Mn3+ and Fe3+ one obtains the values 

2.045 Å and 1.965 Å, respectively. In our study we obtained the bond lengths dab(TB-O) and dc(TB-O) (see 

table 3.1) giving an averaged value of 2.026 Å that is closer to the value given above for the high-spin states. 

Interestingly, the Fe3+ ions in ZnFe2O4 carry at the B site a magnetic moment in the ordered state of 3.9 µB 

[147]. In Mn3O4 the ordered moment at this site is µtot = 3.55 µB [148]. For Zn0.8Cu0.2FeMnO4 no LR order 

occurs at 1.7 K as shown in the powder ND pattern (figure 3.1), where the magnetic reflection is strongly 

broadened indicating the presence of a SG state. Using the moment values of ZnFe2O4 and Mn3O4 we can 

estimate for Zn0.8Cu0.2FeMnO4 a magnetic moment of 3.7 µB at the B site, which refers to a combination of 

both high- and low-spin states on the octahedral site. 

 

3.3.2. Ionic Distribution using XPS: 

To further confirm the electronic states and probe the elemental stoichiometry in detail, we performed 

the XPS measurements. The recorded XPS spectra for all the individual elements present in ZCFMO are 

plotted as a function of binding energy (in eV) as displayed in figure 3.2. Here the adventitious carbon (C- 
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Figure 3.2: X-ray photoelectron spectra of bulk ZCFMO pellets sintered multiple times at 1200 °C for 8 h in air. The 

main panels of (a), (b), and (c) shows the 2p core level spectra of Zn, Mn, and Fe, respectively, whereas the inset in (d) 

shows that for Cu. The main panel of (d) represents the XPS spectrum of O-1s. 

 

1s) peak at 284.8 eV was used as a charge reference to standardize the core level spectra of all the individual 

atoms namely: Cu-2p, Zn-2p, Fe-2p, O-1s and Mn-2p. Figure 3.2(a) shows the core level spectrum of Zn-2p 

which exhibits two sharp cusps centred across 1021 eV (2p3/2) and 1044 eV (2p1/2) with no signatures of 

additional satellite peaks. The energy difference between these two cusps (ΔZn-2p(1/2−3/2) ~ 23 eV) confirms 

the divalent character of Zn in ZCFMO [2,146]. Further, two humps are noticed in the core level XPS 

spectrum of Mn-2p (figure 3.2(b)) around 641.2 eV and 653.25 eV, associated with the 2p3/2 and 2p1/2, 

respectively, confirms the trivalent electronic state of Mn [147]. On the other hand, the XPS spectra of Fe-

2p, depicted in figure 3.2(c), consists of at least four main peaks, which are deconvoluted into six number of 

peaks situated at 710.75 eV (F1), 712.9 eV (F2), 718.85 eV (F3), 725.1 eV (F4), 714.65 eV (S1) and 733.1 eV 

(S2). Here S1 and S2 are the satellite peaks corresponding to the shoulders noticed across the maximum 

intensity peaks of lower binding energies. The peak centred at F1 is associated with the 2p3/2 core level spectra 

of divalent Fe, while the peak located across F2 belongs to Fe3+ [148,149]. Additionally, the spin-orbit 

splitting energy for these maxima are calculated to be Δ(F3 − F1) ~ 8.1 eV and Δ(F4 − F2) ~ 12.2 eV, which 

again confirms the mixed-valent character of Fe present in the ZCFMO system. The main panel data of figure 

3.2(d) possesses a sharp peak across 529.75 eV pertaining to the O-1s spectra of ZCFMO. Whereas, the inset 

in figure 3.2(d) represents the XPS spectra of Cu which is comparatively weaker because of their dilute 

substitution in the spinel lattice. Nonetheless, we notice that the Cu-2p core level spectra has been  
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Figure 3.3: Temperature dependence of the ac susceptibilities χ' in (a) and χ'' in (b) measured at a fixed frequency of 

17.13 Hz, hac = 4 Oe, and dc H = 0 Oe.  The positions of the peaks observed in (b) are marked with additional discussion 

on them given in the text. 

 

deconvoluted into total four number of peaks: C1, C2, C3 and C4, in which the main cusps C1 and C2 are 

located at 933.45 eV and 953.6 eV, respectively, while the other two are satellite peaks situated at C3 ~ 943.05 

eV and C4 ~ 961.75 eV. The spin-orbit splitting energy (ΔC) between the two main peaks (C1 and C2) is 

obtained to be 20.15 eV confirms the presence of Cu2+, which is further supported by the broad satellite peak 

across 943.05 eV [150,151]. In summary, the results from the analysis of XRD and XPS lead to the chemical 

formula for Zn0.8Cu0.2FeMnO4 as (Zn0.8
2+Cu0.2

2+)A[Fe0.4
2+Fe0.6

3+Mn3+]BO4−δ, with δ = 0.2 for reason of charge 

balance; for brevity, this is listed simply as ZCFMO in the rest of the chapter. 

 

3.3.3. Temperature and Frequency Dependence of AC Susceptibility: 

In order to probe the magnetic properties, firstly the temperature dependence of ac susceptibilities, χ' and 

χ'', of ZCFMO were measured at several frequencies f = 0.17 Hz to 510 Hz under an ac field hac = 4 Oe and 

the dc field H = 0. For these measurements, the sample was cooled under H = 0 from 300 K to 4 K, known 

as the zero field cooled (ZFC) condition, followed by measuring χ' and χ'' with increasing temperature. In 

figure 3.3, results for a fixed frequency f = 17.13 Hz are presented which show only a single broad peak near 

60 K for χ' vs. T whereas for χ'', there is a sharp peak near 47 K, with associated weaker broader peak near 

63 K and a weaker peak near 9 K. In figure 3.4, temperature dependence of χ' and χ'' at various frequencies 

shows that with increase in frequency the peak position of the 47 K peak shifts to higher temperatures. The  
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Figure 3.4: The temperature dependence (4 K ≤ T ≤ 135 K) of the ac magnetic susceptibilities χ' and χ'' for ZCFMO 

are shown in the panels (a) and (b), respectively, measured at several constant frequencies from 0.17 to 510 Hz in the 

presence of an applied 4 Oe ac magnetic field and zero dc bias. The insets show the zoomed images of the respective 

main panel data across the peak temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Temperature dependence of (a) χ'(T) and (b) χ''(T) data for ZCFMO measured with smaller temperature 

intervals in the range 4 K ≤ T ≤ 15 K under similar conditions as in figure 3.4 with the purpose to probe the nature of 

the anomaly across T = 9 K. The arrow indicates the direction of peak shift with increasing frequency. 
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temperature dependence of the peak near 9 K covering the temperature range from 4 K to 15 K for eight 

frequencies between 0.17 Hz and 510 Hz is shown in figure 3.5. From these results, the peak in the χ'' vs. T 

data is evident near 9 K, its peak position shifting to higher temperatures with increase in frequency. For the 

χ' vs. T data, there is a change in slope near 9 K, especially for higher frequencies. 

To determine the origin of these peaks near 47 K and 9 K, the Mydosh parameter Ω given by [152,153] 

Ω = (𝑇𝑓2 − 𝑇𝑓1)/𝑇𝑓1(log 𝑓2 − log 𝑓1)    (3.1) 

 
is determined from the χ'' data using f1 = 0.17 Hz and f2 = 510 Hz with Tf being the position of the peak. For 

the peak near 47 K, this analysis gives Ω = 0.0246, and for the peak near 9 K, similar analysis gives Ω = 

0.0448. These magnitudes are considerably larger than Ω = 0.005 observed in canonical spin glasses but 

close to the magnitudes for cluster spin glasses [154-156], especially for the peak near 47 K. So, this peak 

near 47 K is determined to be due to cluster SG transition. Additional discussion on the nature of the peak 

near 9 K is presented later. 

 
Figure 3.6: Fitting parameters: (a) Adjusted R2, (b) characteristic relaxation time τ0 and (c) the critical exponent zν, 

obtained for different selections of TSG based on the Power Law, are given in the panel I. The panel II represents the 

fitting parameters: (d) Adjusted R2, (e) τ0 and (f) activation energy Ea/kB, attained for different values of T0 following 

the Vogel−Fulcher (VF) law. The dotted lines are visual guides connecting among the sub-panels across the local 

maxima in the Adjusted R2 value. 
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Figure 3.7: Variations of the relaxation time Ln τ against 1/(T − T0) in (a) for the fit to the VFL and against Ln [(T − 

TSG)/TSG] for the fit to PL in (b). The circles represent experimental points for the optimum magnitudes of T0 and TSG 

determined in figure 3.6. The solid lines represent the least-squares fit to the data with the magnitudes of the determined 

parameters listed in the figures. 

 

Another approach to verify the nature of SG transitions is to do scaling analysis using the Vogel-Fulcher 

law (VFL) given by equation (3.2) and the Power law (PL) given by equation (3.3) [154]. 

τ = τ0 exp[Ea/kB(T − T0)]      (3.2) 

τ = τ0 [(T − TSG)/TSG]−zν      (3.3) 

 
In these equations, τ = 1/(2πf) is determined from the positions of the peaks in the χ'' vs. T at different f, Ea is 

the activation energy, T0 represents the strength of inter-cluster interaction, TSG is the SG transition and zν is 

the dynamical critical exponent [157]. From equation (3.2), plot of Ln τ vs. 1/(T − T0) should yield a straight 

line with intercept Ln τ0 and slope Ea/kB. Similarly, from equation (3.3), plot of Ln τ vs. Ln [(T − TSG)/TSG] 

should be linear with slope yielding zν. However, the optimum of T0 and TSG for such analysis is still not 

obvious. 

In a recent work from our group [158], we have presented a procedure to determine optimum magnitudes 

of T0 and TSG using an adjusted R2 method, noting that adjusted R2 = 1 for optimum values. In figure 3.6, we 

show the results of this procedure for the peak near 47 K by plotting Adjusted R2 vs. different choices of TSG 

and T0 and determining the corresponding magnitudes of τ0, zν and Ea/kB. This analysis shows that the 

optimum TSG = 41.8 K with τ0 = 1.5 × 10−10 s and zν = 8.88 for the fit to the PL and T0 = 36.8 K, τ0 = 2.67 

× 10−10 s and Ea/kB = 182.4 K for the fit to the VFL (figure 3.7). Since kBT0/Ea = 36.8/182.4 ≃ 0.2 is much 

less than unity, it shows that inter-cluster interaction is weaker than the energy barrier between clusters, 

leading to the cluster glass state without LR magnetic order. The magnitude of τ0 and zν are characteristic of 

SGs, although it is now realized that their magnitudes cannot be used to distinguish between cluster and 

canonical SGs [150,158]. In summary, the magnitude of Ω = 0.0246, combined with kBT0/Ea << 1 establishes  
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Figure 3.8: (a) Temperature dependence of χ''(T) measured at different dc applied fields 20 Oe ≤ H ≤ 800 Oe 

superimposed with hac = 4 Oe and a fixed f = 51 Hz. The arrow indicates the shifting of peak position towards lower 

temperature side with increase in H. (b) The field variation of TSG obtained from the dc magnetic measurements is fit to 

the Eq.: TSG(H) = TSG(0) [1 − AH2/ϕ] with the magnitudes of the parameters listed in the figure. In the inset of (a), the 

linear variation of TSG(H) against H 2/3 is shown. 

 

this system as a cluster SG. The reason for the difference of TSG ≃ 41.8 K obtained from this procedure from 

47 K is not yet clear. Our attempts to do this analysis using TSG near 47 K were not successful. 

The shift in the peak position of χ'' at 47 K with applied dc field H = 20, 50, 100, 200, 300 and 800 Oe 

is shown in figure 3.8(a). This shift is analyzed with the help of non-mean field theory (AT−line analysis) 

described by the equation: TSG(H) = TSG(0)[1 − AH2/ϕ], where TSG(H) is the position of the peak in χ'' vs. T 

data in applied dc field H. The exponent ϕ = 3 for the de Almeida−Thouless line (AT−line) pertains to the 

Ising system. Our fit in figure 3.8(b) yields ϕ = 3.37 not too different from the Ising case. In this plot, we 

have also plotted the shift in TSG(H) vs. H (figure 3.8(b)) determined from the inflection point in the plot of  
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Figure 3.9: Temperature variation of dc magnetic susceptibility (χ) obtained for ZCFMO at H = 1 kOe (up to 400 K) 

and at H = 500 Oe (up to 300 K) along with the peak positions are indicated in both the curves. 

 

∂χ/∂T vs. T where χ (= M/H) is the dc susceptibility measured in presence of different magnetic fields H. The 

details of these measurements and analysis are presented in the next section. It is noted that the broad peak 

near 63 K present in low H values in figure 3.8(a) effectively disappears in larger H values. So, this peak is 

likely due to some domain structure and no additional discussion is presented on this peak. Another notable 

point from the variation of TSG vs. H in figure 3.8(b) is that for H = 800 Oe, TSG is lowered to about 25 K. 

Additional discussions on this is presented in the next section on the temperature and magnetic field 

dependence of magnetization measured under various applied magnetic fields H. 

 

3.3.4. Temperature and Magnetic Field Dependence of Magnetization: 

The temperature dependence of the measured dc magnetic susceptibility (χ) for H = 500 Oe (up to 300 

K) and H = 1 kOe (up to 400 K) is shown in figure 3.9. For T above ~ 125 K, the two measurements coincide 

but for T < 125 K, χ at H = 1 kOe is noticeably lower than that at H = 500 Oe. Both data show peak near 60 

K and a second inflection near 25 K. The χ vs. T data was fit to the modified Curie−Weiss (MCW) law: χ = 

χ0 + C/(T − θ), where χ0 = −1.14 × 10−4 emu mol−1Oe−1 was determined as the diamagnetic contribution based 

on the Hartree−Fock theory [159]. The plot of 1/(χ − χ0) vs. T is shown in figure 3.10. The data fits the MCW 

law for T > 250 K quite well with significant deviations observed for T < 250 K. The fit yields C = 3.29 emu 

K mol−1Oe−1 and θ ≃ 185 K. The positive θ signifies that the dominant exchange interaction in the system is 

ferromagnetic (FM). However, the magnitude of 1/(χ − χ0) being higher than the MCW fit for T < 250 K 

signifies the presence of AFM interaction between the FM clusters.  The magnitude of C = 3.29 emu K 

mol−1Oe−1 is used to determine μeff =  √7.993𝐶 μB yielding µeff = 5.13 µB. Using this value of µeff and the 

relation µeff /µB = g [S(S+1)]1/2, yields effective spin S = 2.11 for g = 2 for this system. This magnitude of  

0 100 200 300 400
0.01

0.1

1

 

 


 (
em

u
 m

o
l

1
O

e
1
)

T (K)

60.6 K

up to 400K

H @ 1 kOe

up to 300 K

H @ 500 Oe

57 K

25.6 K

20.2 K

TH-3139_186121027



Chapter 3 | Spin-Liquid State in Frustrated Tetragonal Spinel (ZnCu)FeMnO4 

50 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Temperature dependent inverse paramagnetic susceptibility 1/χp = 1/(χ − χ0) plotted between the range of 

T = 50 K to 400 K at H = 1 kOe and up to 300 K at H = 500 Oe for ZCFMO. The solid and dashed line are the linear 

fits to the modified Curie−Weiss law: χ = χ0 + C/(T − θ) for the high temperature region with the magnitudes of C and 

θ listed in the figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Plot of the measured magnetization M vs. applied field H with H up to 90 kOe at 2 K. The inset shows the 

high-field linear extrapolation of M to 1/H = 0 to estimate the saturation magnetization MS. 
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spin state has S = 2. This yields (µeff /µB)2 = 0.2(1.9)2 + 0.4(4.9)2 + 0.6(1.73)2 + (2.828)2 = 20.12 or (µeff /µB) 
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= 4.49. Here the values of spin-only moments are used, and so this may be the reason that the resultant 

theoretical moment (µeff ≃ 4.5 µB) is slightly smaller than the moment µeff = 5.13 µB obtained from our 

susceptibility measurement. This also yields the B site moment µ ≃ 4.4 µB compared with µ ≃ 3.7 µB 

determined from the ND results discussed above. 

The second test on the correctness of this ionic arrangement is the measured M vs. H at 2 K, shown in 

figure 3.11, and the estimated saturation magnetization MS ≃ 14,000 emu/mol = 2.55 µB/f.u. The measured 

moment for each ion is gSZ. We take g = 2.2 for Cu2+ and g = 2 for Mn3+, Fe2+ and Fe3+ ions. This calculation 

yields µ = 2.78 µB for the arrangement (Cu2+↓)A[Fe2+↑, Fe3+↓, Mn3+↑]B close to the experimental value. Except 

for low-spin Fe3+, all the other magnetic ions located on the B site interact with dominant FM(↑) coupling, 

while the dilute Cu2+ on the A site couples antiferromagnetically. For µeff = 5.13 µB, effective S = 2.11 and 

using g = 2 should yield MS = gSµB = 4.22µB, if all the moments are aligned parallel to each other.  Our 

experimental value of MS ≃ 2.55 µB/f.u. indicates that all the moments are not aligned parallel to each other. 

Thus, this system is expected to have high degree of magnetic frustration as in the spinels ZnFe2O4 [135-138] 

and MgMnO3 [21], which also have magnetic ions only on the B site. The above analysis shows that  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.12: (a) DC magnetic susceptibility χ vs. T (log-scale) for H = 500 Oe under the zero-field-cooled (ZFC) and 

field-cooled (FC) protocols. (b) Plot of the computed ∂(χT)/∂T vs. T. (c) Plot of ∂χ/∂T vs. T. The positions of the peaks 

are listed, and their significance is discussed in the text. 
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ferromagnetically aligned spins of Fe2+ and Mn3+ have antiferromagnetic interaction with the 

antiferromagnetically aligned spins of Fe3+ on the B site and dilute Cu2+ spins on the A site although the effect 

of Cu2+ is likely insignificant because of its low concentration.  So, this system can be considered to have 

ferromagnetically aligned spin clusters mediated by antiferromagnetically aligned spins. With this insight, 

our measurements reported here on the ac and dc magnetic susceptibilities, ND and temperature dependence 

of the specific heat are interpreted in terms of SR ordering of ferromagnetic clusters interacting 

antiferromagnetically but without the presence of LR magnetic ordering. These considerations lead to 

complex magnetic ordering in ZCFMO including SG state near 47 K and SL state at lower temperatures, the 

latter discussed in more details later. 

The temperature dependence of χ with H = 500 Oe and under the field cooled (FC) and ZFC protocols 

is shown in figure 3.12(a), clearly showing bifurcation of the two plots for T < 24 K along with a maximum 

across 60 K. It is known that in an antiferromagnet, the peak in χ vs. T does not represent magnetic ordering. 

Instead, it is the peak in ∂(χT)/∂T vs. T which corresponds to the Néel temperature as confirmed through peak 

in the specific heat versus temperature data [160,161]. In ferromagnets, the negative peak in ∂χ/∂T vs. T is 

usually used as the magnetic ordering temperature [162,163]. Because of the presence of both ferromagnetic 

and antiferromagnetic couplings in ZCFMO, the plots of both ∂(χT)/∂T vs. T and ∂χ/∂T vs. T are shown in 

figure 3.12(b) and figure 3.12(c), respectively.  In figure 3.12(b), the peaks in ∂(χT)/∂T vs. T are observed at 

97 K (negative peak), 47 K and 24 K whereas the positions of these peaks in ∂χ/∂T vs. T in figure 3.12(c) are 

shifted to lower temperatures by a few degrees. The peak near 97 K is associated with local ferromagnetic 

ordering in clusters since its position shifts to higher temperatures with increase in applied H as expected in  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.13: The M−H hysteresis loop obtained at T = 2 K for the sample of ZCFMO under ZFC conditions. The inset 

shows the temperature dependence of the coercivity (HC) acquired from the M−H loops measured at different 

temperatures. 
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ferromagnets and ferrimagnets [85,164]. Though the peak near 47 K coincides with the SG transition TSG 

observed in ac susceptibilities discussed in detail in Section 3.2, the maximum at 60 K in figure 3.12(a) likely 

appears due to the crossover dynamics of domains owing to the rotational processes or wall displacements in 

ferrimagnets/ferromagnets [165,166]. The peak near 24 K below which there is a bifurcation of χ(FC) and 

χ(ZFC) plots, is associated with the shift of TSG with applied H = 500 Oe as shown previously in figure 3.8(b). 

Interestingly, if we consider the local minima or the inflection point between the peaks 24 K and 47 K as TSG, 

which is obtained at 31 K based on the ∂χ/∂T vs. T plot, the results perfectly agree with the ac susceptibility 

results in figure 3.8(b). 

To understand the transition near 24 K below which χ(FC) > χ(ZFC) in figure 3.12(a), we measured the 

temperature dependence of hysteresis loop parameters. The temperature dependence of the coercivity HC in 

the inset of figure 3.13 shows that for T > 24 K, HC goes to zero. This suggests that for T < 24 K, the system 

develops a partially ordered state in a magnetic field but without signatures of exchange-bias or loop shift 

like the situation in magnetically diluted system like CoxMg1−xO [167]. 

 

3.3.5. Exchange Constant Calculation: 

As noted earlier, the dominant exchange constant which governs the high temperature χ vs. T variation 

is ferromagnetic. To determine this dominant exchange interaction, we followed the high temperature series 

expansion method (HTSE), based on fitting the paramagnetic χp vs. T, prescribed for spinel structure 

following Heisenberg Hamiltonian [150,168,169]. This HTSE relation is given below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Temperature dependence of the dc paramagnetic susceptibility (χp = χ − χ0) measured under H = 1 kOe 

fitted to the High temperature series expansion (solid line) and the modified Curie−Weiss (dotted line) expressions. The 

magnitude of χ0 used here is obtained from the Hartree−Fock theory whereas C = 3.29 emu K mol−1Oe−1 and θ = 185 

K are determined based on the analysis in figure 3.10. 
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𝜒p =
𝐶

𝑇
∑ C𝑖 (

−𝐽

𝑘B𝑇
)

𝑖
6
𝑖=0      (3.4) 

 
Here, kB is the Boltzmann’s constant, χp = χ − χ0, Ci’s are the normalized coefficients calculated up to 6th 

order as suggested by Schmidt et al. using the parameter “r = μeff
2/4” in which µeff = 5.13 µB is used as 

determined previously from the fit to MCW law. The coefficients obtained using this procedure are: C0 = 1, 

C1 = −13.2, C2 = 141.25, C3 = −1333.47, C4 = 11872.9, C5 = −104854.14, C6 = 934662. The fits of the χ vs. 

T data to equation (3.4) along with the fit to the MCW expression is shown in figure 3.14. The fit to HTSE 

represent only marginal improvement over the MCW fit and yield ferromagnetic J/kB = 17 K. It is noted that 

retaining just the first two terms (C0 and C1) of the series yield the approximate MCW law and J/kB = 14 K 

using θ = 185 K. The departure of the fit from the experimental values at lower temperatures signifies the 

presence of antiferromagnetic exchange interactions among ferromagnetic clusters which are not considered 

in the above analysis because of the complexity of such calculations. 

 

3.3.6. Temperature Dependence of Specific Heat: 

To investigate the LR vs. SR magnetic ordering in ZCFMO, the thermal variation of its heat capacity Cp  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: (a) Thermal variation of total specific heat (Cp) measured under the application of constant magnetic fields 

(H = 0 and 90 kOe) up to T = 200 K. The inset represents the temperature dependence of Cp/T3 up to about 50 K. (b) 

The difference −ΔCp = Cp(0) − Cp(90 kOe) is plotted using same horizontal scale as of the upper panel. 
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was measured from 2 K to 200 K under ZFC conditions in applied H = 0 and 90 kOe. This variation of Cp 

vs. T is shown in figure 3.15 along with the plot of −ΔCp = Cp(0) − Cp(90 kOe) vs. T. Although the magnitude 

of −ΔCp is comparatively small, it shows that applied H suppresses Cp with a peak in its magnitudes around 

80 K. This variation is likely due to coupling of the FM clusters to the applied H. More importantly, in the 

Cp(0) vs. T data, a λ−type anomaly characteristic of LR ordering is not observed as often reported for second 

order magnetic transitions [158,170]. However, lattice contribution to Cp must be first subtracted out from 

the measured Cp before any magnetic contribution to Cp can be ruled out. The Debye model of lattice specific 

heat CL which usually work quite well at lower temperatures yields the following relation for CL: 

CL = 9 N R (T/ΘD)3 ∫
𝑥4𝑒𝑥

(𝑒𝑥−1)2 𝑑𝑥
𝛩D

𝑇
0

                         (3.5) 

 
where ΘD is the Debye temperature, usually determined from the fit to the data and R = 8.314 J mol−1K−1 is 

the gas constant. For low temperatures when T << ΘD, so that the limit ΘD/T in the integral in equation (3.5) 

can be replaced by infinity, CL = 216 R (T/ΘD)3 is obtained for the lattice contribution. Therefore, in the case 

of only lattice contribution to Cp, Cp/T3 should yield a constant value at lower temperatures. In the inset of 

figure 3.15, the plot of Cp/T3 vs. T up to 45 K shows that below about 25 K, there is indeed some magnetic 

contribution to Cp whereas for higher temperatures Cp tends to become constant. This also shows that for T 

> 45 K, a good fit of the Cp vs. T to equation (3.5) can be expected for a specific choice of ΘD. This fit of the 

Cp vs. T data for H = 0 Oe to equation (3.5) for ΘD = (376.2±0.4) K is shown in figure 3.16 along with the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: Temperature variation of the measured specific heat Cp for H = 0 Oe together with the temperature 

dependent contributions from the phonon contribution CL derived based on the Debye model of specific heat and the 

magnetic contribution CM = Cp − CL. The inset shows the temperature variations of CM /T and computed magnetic 

entropy (SM). 
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temperature variation of the evaluated CM = Cp − CL, where CM is the magnetic contribution. The temperature 

variation of CM has a broad peak around 40 K which coincides with TSG determined from the analysis of the 

ac susceptibilities. This analysis confirms the presence of SR magnetic order associated with the cluster SG 

state. 

The variation of CM vs. T is used to determine the change in temperature dependence of the magnetic 

entropy: 

𝑆𝑀 = ∫ (𝐶𝑀/𝑇) 𝑑𝑇
𝑇

0
      (3.6) 

 
In the inset of figure 3.16, the thermal variation of CM /T and computed SM are shown. At 100 K, SM ≃ 13.1 J 

mol−1K−1 which effectively remains constant above 100 K. But with decrease in temperature, SM begins to 

decrease due to the onset of SR magnetic ordering and SM approaches zero below 4 K. Using SM = R Ln(2S 

+ 1) = 13.1 yields effective S = 1.92 to be compared with S = 2.11 determined earlier from the analysis of 

paramagnetic susceptibility. Our system ZCFMO contains magnetic ions with S = 1/2, 1, and 2. So these 

composite values of S obtained from the analysis of magnetic susceptibility and specific heat are quite 

reasonable. 

 

3.3.7. Spin-Glass vs. Spin-Liquid State: 

The temperature variation of Cp at liquid helium temperatures has been used to distinguish between spin-

glass and spin-liquid states in magnetically diluted systems. In canonical glasses which contain only a few 

percent of magnetic ions, Cp is known to vary linearly with temperature [92]. However, in other diluted  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Log-Log plot of the temperature dependence of the measured Cp(T) for both H = 0 and H = 90 kOe. The 

solid lines are linear fits to Cp ~ ATn below 9 K with n = 1.83 for H = 0 and n = 1.95 for H = 90 kOe. 
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systems with magnetic frustration such as SrCr8Ga4O19 with Kagomé lattice [171,172], NiGa2S4 with 

triangular lattice [173], CuCr0.7V0.3S2 [174], and even in Co based glassy systems Co2TiO4 and Co2SnO4 

[175], Cp varying as T2 at low temperatures has been reported. This T2 variation of Cp is considered to be 

signature of SL state in which magnetic moments fluctuate dynamically at very low temperatures [92,171-

175]. For the ZCFMO system, the variation of Cp = ATn is tested by plotting log Cp vs. log T in figure 3.17 

for the data taken for both H = 0 and H = 90 kOe. For T < 9 K, the data fits straight line with n = 1.83 for H 

= 0 and n = 1.95 for H = 90 kOe, the slope becoming smaller at higher temperatures. This analysis suggests 

SG state for T > 9 K changes to SL like state for T < 9 K. The ND studies presented earlier in this work 

provide additional support for the dynamical fluctuations of the magnetic moment for T < 9 K. In the ac 

susceptibility measurements shown earlier in figure 3.3 and figure 3.5, there is a clear peak near 9 K in the 

plot of χ'' vs. T. These results provide sufficient proof for the transition to different magnetic phase below 9 

K which has known signatures of a SL state.     

Additional information on the nature of magnetic ordering can be obtained by evaluating the change in 

magnetic entropy ΔSM = S(H) − S(0) with change in magnetic field H. This can be determined from the M 

vs. H isotherms such as the one shown in figure 3.11 at 2 K using the Maxwell equation [168]: 

𝛥𝑆𝑀 = ∫ (
𝜕𝑀

𝜕𝑇
)

𝐻
𝑑𝐻′ =

𝜕

𝜕𝑇
∫ 𝑀𝑑𝐻′

𝐻

0

𝐻

0
     (3.7) 

 
M vs. H isotherms were measured at many temperatures between 2 K and 200 K and the plot of −(ΔSM) vs. T 

determined from these plots using 2nd part of equation (3.7) is shown in figure 3.18. This analysis is also used 

to determine the magnetocaloric effect (MCE) in materials. As seen in figure 3.18, a crossover from +ve  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.18: Temperature dependence of change in magnetic entropy i.e. −ΔSM computed from the M−H isotherms 

measured for the range 0 ≤ H ≤ 90 kOe and using equation (3.6). The arrows mark the positions of TFiM, TSG and TSL 

discussed in the text. 
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(normal MCE) to −ve (inverse MCE) value of −ΔSM is noticed across TSG since with increase in H, magnetic 

disorder decreases in the paramagnetic region but increases in the SG regime. A further drop is observed 

below the SL transition TSL = 9 K. This analysis provides additional support for the SL state below 9 K. 

The time dependent behavior of frustrated systems in the SL region has rarely been reported in the 

literature. So, a detailed analysis of the thermo-remanent magnetization (TRM) studies on the ZCFMO 

system in the SL region is provided below, and is compared with that reported in literature for the SG region. 

For this purpose, the system was cooled to the required low temperature under H = 50 kOe, H was then set 

to zero and the magnetization (MTRM) was measured for a time (t) duration of 7600 s. The data is represented 

in figure 3.19 for the MTRM vs. T isotherm obtained at T = 5 K. The main panel data is analyzed by employing 

several typical scaling laws and/or power laws such as [176,177]: 

MTRM = M0 − S Lnt      (3.8) 

MTRM = M0 𝑡−𝛾       (3.9) 

MTRM =  M0 exp[−(
𝑡

𝜏
)𝛼]      (3.10) 

MTRM = M0 − Mg exp[−(
𝑡

𝜏p
)𝛽]     (3.11) 

 
In the above equations, M0 is the initial remanent magnetization, S stands for the magnetic viscosity, Mg 

denotes the glassy component of magnetization, whereas, τ and τp are the characteristic relaxation time  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.19: Relaxation of field-cooled (H = 50 kOe) magnetization of ZCFMO system measured for a duration of t = 

7600 s at T = 5 K. The solid olive, navy and violet color lines represent fits of the experimental data to equation (3.8), 

(3.9) and (3.10), respectively. The inset shows the main panel data in a log-linear (X−Y axis) scale representation to 

identify the best fit to equation (3.10). 
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Figure 3.20: The parameters acquired based on the thermoremanent magnetization analysis, listed in table 3.2, are 

plotted against temperature. The left-hand-scales in (a), (b) and (c) shows the temperature variation of M0, τ and α, and 

the right-hand-scales of the same show the temperature dependency of S, ∂S/∂T and γ, respectively. The shaded portions 

separate the spin-liquid region (light pink color) from the spin-glass region (light blue color). 

 

constants. Here, the exponents α, β and γ are constants out of which the former two are known as the 

Kohlrausch−Williams−Watt (KWW) stretched exponents; usually these exponents are used to determine the 

strength of the dipolar interaction among the magnetic clusters [177-179]. The equations (3.8), (3.9), and 

(3.10) all appear to fit well with the main panel data in figure 3.19, although, the best fit to the experimental 

data till the lowest measured time is obtained with only equation (3.10), which is confirmed from the 

logarithmic-time scale representation (inset of figure 3.19). However, our data does not fit to equation (3.11) 

for the expected range of β (0 ≤ β ≤ 1). Similar analysis was also performed for the MTRM vs. t isotherms 

obtained at T = 6 K, 8 K, 9 K, 10 K, 12 K and 15 K, and the extracted parameters are listed in table 3.2. 

The fitting parameters are plotted against temperature in figure 3.20 for further analysis. Evidently, the 

magnitudes of M0 and τ falls drastically for T > 12 K while the exponents α and γ increase. It is noted that the 

values of all the fitted parameters obtained at 15 K are quite comparable to that observed in other SG systems 

like Nd5Ge3, PrRhSn3, U2PdSi3 etc. in the SG domain [180-182], probably because the system is in the SG 

state at 15 K. However, for T < 12 K when transition to SL state begins, we notice significant deviation both 

in the magnitudes and trend followed by these curves. In SG systems, with increase in temperature, α  
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Table 3.2: List of the scaling laws and corresponding fitted parameters obtained from the thermoremanent 

magnetization measurements across TSL. 

  

 

increases (τ decreases) monotonically throughout the SG domain and also beyond TSG [180,183,184]. Similar 

pattern is exhibited by the ZCFMO system above ~ 11.4 K, yet opposite trend is noticed below this 

temperature. According to the observations by Chu et al. the slope change in the exponent may occur at a 

slightly higher temperature than where the change from the weak to strong irreversibility in magnetization 

takes place [184]. 

The large magnitude of M0 in the SL region is likely due to the presence of ferromagnetic clusters or 

uncompensated spins [168]. Usually, for systems with a uniform energy barrier, α = 1 indicates that the 

system has a single relaxation time constant, whereas α = 0 corresponds to the absence of relaxation. For 

systems having a distribution of energy barriers, α ranges between 0 and 1. The value of α acquired in our 

case suggests that the ZCFMO system evolves through several intermediate metastable states, hence the 

activation occurs against multiple anisotropic energy barriers [154]. Additionally, contrary to SG systems, 

where increase in the value of the exponent (α or γ) with temperature in the SG region reflects the increase 

of magnetic inter-cluster interaction, we witness weakening of interaction between the clusters with rise in 

temperature in the SL region [179]. Typically, in the SG ordered region, the magnetic viscosity S increases 

with T as a signature of the thermally activated process. However, in ZCFMO, decrease in S with T reveals 

that the properties in the SL region are not governed by thermal activation [185]. In support of the above 

results, the differentiation analysis ∂S/∂T vs. T (figure 3.20(b)) exhibits a sharp minimum across 9 K, as the 

ZCFMO system undergoes SL to SG magnetic phase transition.  

 

3.4. Concluding Remarks: 

In this section we provide some key conclusions drawn from the results presented in this chapter. In 

particular, the structural and magnetic properties of Zn0.8Cu0.2FeMnO4 spinel reveals the stable complex 

cationic distribution: (Zn0.8
2+Cu0.2

2+)A[Fe0.4
2+Fe0.6

3+Mn3+]BO4−δ. Detailed analysis on the magnetic 

characterization yields the main inferences such as: (i) The fit of the χ vs. T data to the CW law: χ = C/(T − 

θ) from T = 250 K to 400 K with θ ≃ 185 K and its deviations from the CW law for T < 250 K suggests the 

presence of ferromagnetically-coupled clusters of spins interacting antiferromagnetically, with the 

ferromagnetic exchange constant J/kB = 17 K. (ii) The temperature variation of the ac susceptibilities show 

spin-glass transition whose position shifts to lower temperatures with the applied field H following the 

Scaling Laws Fitting 

parameters 

T = 5 K T = 6 K T = 8 K T = 9 K T = 10 K T = 12 K T = 15 K 

 

MTRM = M0 − S Lnt 

M0 

(emu/mol) 

2310 1871 1802 1962 2141 2283 5.8 

S  

(emu/mol) 

46.4 43.8 32 25 19.3 12.3 0.3 

MTRM = M0 𝑡−𝛾 γ 0.0218 0.0259 0.0192 0.0134 0.0093 0.0055 0.0662 

 

MTRM =  M0 exp[−(
𝑡

𝜏
)𝛼] 

τ (s) 2.92×108 8.43×107 9.67×108 1.37×1010 2.4×1011 1.47×1013 1.15×105 

α 0.152 0.154 0.148 0.146 0.143 0.14 0.177 
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equation: TSG(H) = TSG(0)[1 − AH2/ϕ] with TSG(0) = 46.6 K, A = 8.6 × 10−3 Oe−0.593 and ϕ = 3.37. (iii) The 

analysis of the spin relaxation time τ obtained from the temperature and frequency dependence of ac magnetic 

susceptibilities in terms of the Power law and Vogel−Fulcher laws shows the presence of a cluster spin-glass 

state at TSG. (iv) Measurements of the specific heat Cp vs. T from 2 K to 200 K in H = 0 and H = 90 kOe do 

not show any peak characteristic of long-range order. However, after correcting for the lattice contribution, 

a broad weak peak typical of short-range ordering centred at ~ 40 K becomes evident. (v) The presence of a 

weak peak in the χ'' vs. T data at TSL = 9 K and Cp varying as T2 for T < TSL is used to conclude the presence 

of a spin-liquid state for T < TSL. (vi) Comparison of the neutron diffraction measurements at 1.7 K and 79.4 

K shows the absence of long-range ordering but presence of short-range ordering at 1.7 K, confirming the 

above results of TSG and TSL. (vii) The thermoremanent magnetization studies reveal that, unlike the spin-

glass ordered region, the magnetic inter-cluster interaction weakens for T < 9 K as the properties do not obey 

thermal activation process in the spin-liquid region. (viii) These results show that in Zn0.8Cu0.2FeMnO4, 

ferromagnetic clusters interact antiferromagnetically producing a cluster spin-glass state at TSG followed by 

spin-liquid behavior below 9 K but without long-range magnetic order. These interesting magnetic states 

observed here are a result of the magnetic frustration inherently present in the spinel structure when magnetic 

ions are located primarily on the octahedral B sites as in Zn0.8Cu0.2FeMnO4. 
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Chapter 4 

Cluster Spin-Glass State and Slow-Spin Dynamics of Zn(Fe1−xRux)2O4 

 

This chapter discloses a completely different approach to acquire information on the magnetic frustration 

in spinel ferrites by minimizing the interaction energy among the A and B site magnetic moments. To achieve 

this, Jahn−Teller active elements of very less magnetic moment such as Cu2+ (in dilute amount) and Ru3+ are 

substituted in ZnFe2O4. The experimental part that follows the introductory background provide details of 

the crystal structure, heat capacity as well as magnetic measurements to decipher the short-range and long-

range behavior in the H−T plane. 

 

4.1. Introductory Background: 

Here, reports on the geometrically frustrated pyrochlore ZnFe2O4 is presented first along with its probable 

future aspects that constitutes the motivational background for this work. Spinel-ferrites are well-studied 

systems in the scientific literature because of their unique electrical and magnetic properties which largely 

depend upon the nature of substituents at the tetrahedral (A) or octahedral (B) sites [186,187]. Consequently, 

a wide variety of ferrite families have been investigated since decades both from a theoretical and an 

experimental point of view and their full potential towards the applications in the fields of microwave devices, 

circulators/actuators, semi-transparent magnetic semiconductor with high Curie temperature, and sensors is 

being explored [4,188-190]. Enormous research activity is still in progress on the low-dimensional 

nanostructures of these compounds, especially focusing on their catalytical activity and role in fuel-cells, Li-

ion batteries and in the renewable energy sectors [191-196]. On the other hand, research work related to the 

tunable magnetic properties in Zn-ferrites by altering the relative strengths of the inter-sublattice interactions 

(JAB) and intra-sublattice interactions (JAA and JBB) with the substitution of either magnetic or non-magnetic 

elements is also under intense activity in order to explore their unique magnetic properties in microwave 

magnets [2,197,198]. In almost all spinels, the above mentioned three main exchange interactions are 

essentially negative and one cannot rule out the competition between the exchange interactions (intra-

sublattice and inter-sublattice), which often leads to ‘magnetic-frustration (MF)’ [2,199,200]. In the two-

dimensional case, the corner sharing of triangles results in the Kagomé lattice which is prone to the MF 

phenomena [201,202]. Whereas, in three-dimensional case, the network of shared tetrahedral corners of the 

spinel lattice results in pyrochlore structures/Laves phases, while that formed by triangular corners give rise 

to the family of garnets, all of which exhibit fascinating magnetic phenomena [11,203-205]. 

Usually the MF phenomena arises when the sublattice magnetization is unable to minimize its total 

ground-state energy by decreasing the bond energy of individual spin-spin interactions separately [206]. The 

spin network made up of basic units of triangular or tetrahedral geometry are considered as archetypal 

examples of geometrically frustrated systems in which all the spins are antiferromagnetically coupled [207-

209]. As a result of MF phenomena, one can expect: (i) strong suppression of the local magnetic moment and 
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drastic reduction of long-range (LR) ordering, (ii) spin-ice/liquid/vortices like fluctuations at low-

temperatures along with the (iii) emergence of macroscopic degeneracy in spin positioning [133,210]. As a 

consequence of the above phenomena and spin fluctuations remarkable magnetic properties including 

superconductivity has been observed in the recent past [35,211-213]. Moreover, geometrical frustration 

usually gives rise to some unique magnetic phenomena such as re-entrant spin-glass (SG) behavior and 

exchange bias driven by the disorderness which is induced by site specific substitution of non-magnetic 

elements [214-217]. 

The nature of magnetic ordering in franklinite, ZnFe2O4 (ZFO) based spinel ferrites have received 

substantial scientific attention because their crystal structure can be realized in the form of pyrochlore-like 

lattice [139,218]. Previous studies reveal that ZFO system exhibits antiferromagnetic (AFM) character with 

its Néel temperature, TN ~ 10 K and a very large Curie−Weiss (CW) temperature, θ ~ 120 K, demonstrating 

the presence of strong MF with index of frustration, f = |θ|/TN (~ 12) [137,138,218]. These experimental 

results support the earlier theoretical predictions of Anderson who proposed that the interacting B site cations 

are capable enough to create topological frustration in ZFO [133,219]. Such unusual intrinsic magnetic 

behavior is driven by the AFM 3rd nearest neighbor spatial spin correlations corresponding to the exchange 

interaction (J3 < 0) along the path Fe-O-Fe-O-Fe and the ferromagnetic (FM) character corresponds to the 

exchange interaction J1 (> 0) along the path Fe-O-Zn-O-Fe [137,139]. Such studies were extended by 

Tomiyasu and Kamazawa who proposed a spin dodecamer model on the Kagomé plane in which the MF 

effects can be lifted by means of dissimilar exchange paths where orbital mixing is selectively enhanced in 

the dodecamer [213]. It is also possible that AFM ordering can be pushed to higher temperatures by 

strengthening the inter-sublattice A−B superexchange interaction, via mechanical activation 

[134,135,220,221]. Few reports suggested that bulk ZFO exhibits SG like behavior with freezing 

temperatures close to 21 K and short-range (SR) AFM correlations across 100 K along with the LR ordering 

below TN due to the formation of tiny spin-clusters exhibiting ‘superantiferromagnetism’ [135,222]. 

Furthermore, recent studies revealed the coexistence of ferrimagnetic (FiM) and AFM states in ZFO 

while maintaining the inversion parameter δ between 0.14 and 0.27 [223]. On the other hand, Murata et al. 

observed SG behavior in the superlattices of ZFO and ZnCr2O4, driven by very high spin frustration caused 

by the random exchange field because of the local symmetry breaking across the interface [208]. Moreover, 

Suzuki et al. reported large magneto-capacitance (~ 10% at 14 T) and magnetization coupled dielectric 

relaxation in polycrystalline ZFO [224]. These results are further supported by very recent observations on 

ferroelectric behavior linked to the rhombohedral distortion (R3m space group) from the cubic structure, 

across 110 K, along with the glassy AFM character and magnetic memory effects below TN in addition to a 

weak exchange bias effect [141]. Nevertheless, the high field susceptibility data and neutron scattering 

measurements of single crystalline ZFO by Kamazawa et al. reported the absence of LR order and diffuse 

magnetic scattering around the nuclear Bragg peaks which disappear under the application of an external 

magnetic field of magnitude ~ 30 kOe [225-227]. The x-ray absorption near edge structure calculations (of 

Zn-K and Fe-K) and the first principles studies revealed cation disordering in ZFO with cation distribution 
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[Zn1−u
2+Feu

3+]A[Znu
2+ Fe2−u

3+]BO4 (u ~ 0.6), due to which a cluster SG-like behavior emerges associated with 

the disordering of Zn2+ and Fe3+ ions in the spinel lattice [136,228,229]. 

In the past few years, researchers tried to investigate the site-dilution effects in bulk ZFO by replacing 

Zn with other transition metals such as Co, Mn, Ni, and Cu. Both Mn and Co substituted systems display 

FiM properties across room temperature with a proportional increase in magnetization and coercivity with 

the level of Mn/Co substitution [230,231]. The Mn substituted ZFO exhibits weakly coupled AFM type JAB 

at low temperatures along with notable effects of the Griffiths mixed phases below the percolation threshold 

(pC). While, the Ni and Cu substitution in ZFO strengthens the spin-spin interactions, increases the magnetic 

ordering temperature. These systems also exhibit interesting magnetocaloric features with a relative cooling 

power close to 161 (37.78) J kg−1 and the associated maximum entropy change ~ 1.15 (0.77) J kg−1K−1 for a 

field change of ~ 25−30 kOe for Zn0.5Ni0.5Fe2O4(Zn0.8Cu0.2Fe2O4), useful for the magnetic refrigeration 

[232,233]. Most of the today’s research activity in the field of ferrites is largely focused on the low 

dimensional nanostructures and limited studies are available on the detailed magnetic properties of B site Fe 

substitution by the non-magnetic ions in ZFO [234-236]. Despite numerous experimental and theoretical 

reports on bulk ZFO system, a detailed magnetization study focusing on the dilution of B sites occupied by 

Fe with Ru atoms has not been initiated in the literature which is the main aim of the current work. In the 

present study, we also focus on the competing role of the Jahn−Teller (JT) active cation Cu2+ and weakly 

magnetic Ru3+ ions on the global moment orderings of the ZFO system. Since the divalent Cu ions usually 

prefer to occupy the B sites, their incorporation in the ZFO matrix is thus, expected to alter the cationic 

distribution (from normal/inverse to mixed spinel) and hence lead to a weak tetragonal distortion which may 

collectively affect the AFM ordering of the ZFO system. 

 

4.2. Pertinent Experimental Methods: 

In the similar line as discussed in Chapter 3, this experimental section provide details of the synthesis 

procedure and techniques used for the characterization of the proposed systems. There are four important 

experimental parts in this work: (i) growth of the bulk samples using standard solid-state reaction method, 

(ii) electronic and crystal structure characterization, (iii) magnetic characterization, and (iv) low-temperature 

heat-capacity measurements. For the synthesis of different compositions (for various levels x and y) of 

polycrystalline bulk samples of Zn1−yCuy(Fe1−xRux)2O4 (y = 0 and 0.2; x = 0.5, 0.75) we used high purity 

binary transition-metal oxides such as copper oxide (CuO), zinc oxide (ZnO), ferric oxide (Fe2O3) and 

ruthenium dioxide (RuO2) as precursors. As an initial step, stoichiometric quantities of these oxides were 

mixed (ground) in an agate mortar with pestle for 4 h which were then made into 15 mm diameter cylindrical 

pellets using a hydraulic press followed by sintering at 1200 °C for 8 h in air with 4 h rising time and natural-

cooling to room temperature. For crystal structure analysis and determination of the phase purity of the 

compounds, we used the x-ray diffractometer from Rigaku (Model: Smartlab) with Cu-Kα radiation (λ = 

1.54184 Å). The corresponding x-ray diffraction (XRD) patterns and their analysis using Rietveld refinement 

are discussed in the next section. To understand the electronic structure and cationic distribution analysis we  
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Figure 4.1: The Rietveld refinement patterns of the powder x-ray diffraction data for the compositions (a) ZFRO, (b) 

CZFRO, and (c) CZFR1.5O. The green marks indicate the Bragg positions, whereas blue lines are the difference 

between the observed virgin data points (black circles) and calculated ones (overlying red lines). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: (a) Crystal structure of CZFRO. The tetrahedral (A) sites are occupied by divalent Zn and a fraction of 

trivalent Fe ions, while, Cu2+, Ru3+ and a mixture of both divalent and trivalent Fe ions (Fe2+ and Fe3+) occupy the 

octahedral (B) sites. 
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obtained x-ray photoelectron spectroscopy (XPS) measurements from Thermo Fisher Scientific 250Xi. 

Detailed frequency and temperature dependence of dynamical magnetization studies were carried out using 

a superconducting quantum interference device (SQUID) magnetometer, whereas for the dc magnetization 

measurements we employed a physical property measurement system (PPMS) from Quantum Design of 

Model: DynaCool. The temperature dependent specific heat Cp(T) measurements were performed by means 

of a Quantum Design PPMS using the standard heat-pulse calorimetry in the presence of both H = 0 and 90 

kOe from 4 K to 120 K [120]. Below we discuss the primary results obtained on the investigated systems 

which involve discussion on the XRD and XPS followed by the magnetic properties. 

 

4.3. Experimental Results and Analysis: 

4.3.1. Structural and Elemental Information: 

The preliminary characterization data such as XRD pattern and XPS spectra confirms the monophasic 

nature of the synthesized compounds with significant changes in their lattice parameters, bond-angles and 

bond lengths. In particular, the three different compositions ZnFeRuO4 (ZFRO), Cu0.2Zn0.8FeRuO4 (CZFRO) 

and Cu0.2Zn0.8Fe0.5Ru1.5O4 (CZFR1.5O) exhibit spinel cubic structure with lattice parameters a (= b = c) ~ 

8.456 Å, 8.457 Å and 8.459 Å of Fd−3m symmetry without any tetragonal distortion, respectively. All the 

relevant parameters obtained from the Rietveld refinement analysis of the XRD data (figure 4.1) carried out  

 

Table 4.1: List of crystallographic parameters obtained by analyzing the XRD data with the help of Rietveld refinement 

and 3D visualization VESTA program analysis for the compositions ZFRO, CZFRO, and CZFR1.5O. 

 

Composition → ZFRO CZFRO CZFR1.5O 

Crystal structure Cubic Cubic Cubic 

Space group Fd−3m Fd−3m Fd−3m 

Lattice constants 

(Å) 

a = b = c 

 

8.456 

 

8.457 

 

8.459 

Cell volume (Å3) 604.64 604.852 605.281 

Bond lengths 

A-O (Å) 
B-O (Å) 

 

1.905 

2.072 

 

1.886 

2.079 

 

1.881 

2.087 

Bond angles 

B-O-B (°) 
A-O-B (°) 

 

92.34 

123.59 

 

91.82 

123.97 

 

91.55 

124.16 

Formula weight 286.291 285.924 308.537 

2θ range  10-80° 10-80° 10-80° 

Rp 64% 77.6% 54.7% 

Rwp 49.4% 54.2% 42.7% 

Rexp 30.91% 32.73% 29.34% 

RBragg 19.96% 23.67% 14.63% 

RF-factor 17.53% 29.13% 10.62% 

χ 2 2.57 2.83 2.12 

Cation distribution (Zn)A 

[Fe1.0 Ru1.0]BO4 

(Zn0.8 Fe0.2)A 

[Cu0.2 Fe0.8 Ru1.0]BO4 

(Zn0.8 Fe0.2)A 

[Cu0.2 Fe0.3 Ru1.5]BO4 
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using the FullProf Suite software are listed in table 4.1. In the present case the Wyckoff positions assigned 

to the A and B sites in these mixed spinels are 8b(0.375, 0.375, 0.375) and 16c(0, 0, 0), respectively, whereas, 

the Wyckoff positions of the oxygen atoms are at 32e(0.245, 0.245, 0.245), 32e(0.246, 0.246, 0.246) and 

32e(0.247, 0.247, 0.247), respectively, for the compositions ZFRO, CZFRO and CZFR1.5O. The 

corresponding cationic distributions are given in table 4.1, moreover, a detailed site distribution of all the 

ions are analyzed meticulously below and deduced using the temperature and field dependent magnetization 

data. On the other hand, a significant shrinkage in the A-O bond length (1.881 Å) is noticed in comparison to 

the marginal increase of the B-O bond length (to 2.087 Å). Similar trend has been noticed in case of the B-

O-B bond angle (92.34 ° → 91.55 °) as compared to the changes noticed in A-O-B bond angle (124.16 °). 

Such alterations in the crystal structure (figure 4.2, generated from the XRD data applied to the 3D 

visualization program VESTA) are associated with the different ionic radii of the Cu and Ru substituents as 

compared to the cations of the pristine compound [237]. 

To probe the electronic structure and for a detailed elemental analysis we performed the XPS 

measurements, the results of which are presented below. Figure 4.3 shows the XPS spectra plotted as a 

function of binding energy (BE in eV) for all the individual elements present in CZFRO. In this case the 

adventitious carbon, C-1s peak at 284.8 eV has been used as a charge reference to standardize the individual 

core level spectra of all the ions viz: Cu-2p, Zn-2p, Fe-2p, O-1s and Ru-3d. The 2p (3/2 and 1/2) character  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: X-ray photoelectron spectra of bulk CZFRO pellets sintered at 1200 °C for 8 h in air. The main panels of 

(a), (c), and (d) shows the 2p core level spectra of Zn, Fe, and Cu, respectively, whereas (b) shows the XPS spectra for 

both Ru-3d and C-1s. The inset in figure (d) represents the XPS spectra of O-1s. 
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located across 1020.8 eV and 1043.9 eV, devoid of any weak intensity satellite peaks, while the energy of 

Zn core level spectrum is clearly evident from figure 4.3(a) which shows two sharp symmetrical cusps 

difference (ΔZn-2p1/2−3/2) between these two cusps is ~ 23.1 eV which proves the divalent character of Zn 

[2,146]. The core level XPS spectra of Ru-3d and C-1s are closely spaced (figure 4.3(b)), yet the Ru-3d 

spectra are well resolved into two weak intensity humps across 282.6 eV and 285.85 eV which corresponds 

to the trivalent character of Ru associated with the 3d5/2 and 3d3/2, respectively [238]. On the other hand, the 

Fe-2p XPS core level spectrum depicted in figure 4.3(c) comprises of a minimum of four main peaks which 

are deconvoluted into a total of six number of peaks located at 710.7 eV (Y1), 712.1 eV (Y2), 719.15 eV (Y3), 

724.85 eV (Y4), 715.24 eV (S1) and 732.6 eV (S2) out of which S1 and S2 are the satellite peaks corresponding 

to the shoulders noticed across the maximum intensity peaks of lower BEs. The cusp located across Y1 is 

associated to the 2p3/2 core level of divalent Fe, while the cusp centred at Y2 is assigned to the trivalent Fe 

[148,149]. For these transitions, the spin-orbit splitting energy Δ(Y3 − Y1) ~ 8.45 eV and Δ(Y4 − Y2) ~ 12.75 

eV further confirms the mixed valent character of Fe present in the CZFRO system. In case of Cu the intensity 

of XPS spectra is rather weak because of their dilute substitution in the spinel lattice. Nevertheless, in the 

present case the Cu-2p core level spectrum has been deconvoluted into four peaks: C1, C2, C3 and C4, in 

which the main peaks C1 and C2 are centred at 933.65 eV and 953.44 eV, respectively, and the other two are 

satellite peaks at C3 ~ 940.84 eV and C4 ~ 961.8 eV (figure 4.3(d)). The spin-orbit splitting energy (ΔC) 

observed between the two main peaks is about 19.79 eV confirms the divalent electronic state of Cu, which 

is further supported by the presence of broad satellite peak across 940.84 eV [151]. Alongside, the inset in 

figure 4.3(d) possesses a main sharp peak across 530.9 eV featuring the O-1s spectra of CZFRO. 

 

4.3.2. Temperature Dependence of DC Magnetization: 

To determine the magnetic structure of the synthesized compounds we performed both dc magnetization 

(M) measurements under different magnetic fields (H), at various temperatures, along with a detailed 

frequency (f) and temperature (T) dependence of the ac magnetic susceptibility χac(f, T). Figure 4.4 illustrates 

the thermal variation of the dc magnetic susceptibility (χ = M/H) measured under both zero-field-cooled 

(ZFC, blue symbols) and field-cooled (FC, red symbols) conditions from T = 1.9 K to 300 K in the presence 

of a constant H. The χ(T) variation is shown on the left-hand-side (LHS) scale of figure 4.4 where the 

corresponding data has been recorded under warming conditions. One can clearly notice the bifurcation in χ 

data between the ZFC and FC below the peak temperature representing the FiM character of the three systems 

due to the different magnetic moments of cations located at A and B sites of the spinel lattice. The magnitude 

of bifurcation is higher in case of CZFRO than that in the other compositions signifying the additional role 

of magnetocrystalline anisotropy, in-line with the previous reports, particularly on Cu-based ferrite systems 

exhibiting FiM ordering at low-temperatures [2,239]. On the right-hand-side (RHS) scale of figure 4.4, we 

have shown the temperature dependent behavior of effective magnetic moment (μeff(T)) calculated from the 

Curie-law: (μeff/μB)2 = 3kBχT/NAμB
2, in which μeff(T) shows a sharp change in the slope across the peak 

temperature TFiM which has been determined from the differential magnetic susceptibility data discussed  
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Figure 4.4: The low-temperature (1.9−300 K) dc magnetic susceptibility (χ) data obtained under H = 500 Oe for both 

zero-field-cooled (blue symbols) and field cooled (red symbols) modes are shown on the LHS for (a) ZFRO, (b) CZFRO, 

and (c) CZFR1.5O. The temperature variation of effective magnetic moments (µeff) are shown on the corresponding 

RHS. 

 

below [240]. Moreover, it is interesting to notice an additional cusp-like feature in μeff(T), labelled by TM, in 

case of CZFRO across 108.86 K (nearly six times higher than TFiM) due to the additional change in magnetic 

ordering owing to the intrasublattice exchange coupling among the B site cations which is mostly FM in 

nature, similar to that observed in other highly frustrated spinels such as GeCo2O4, where μeff(T) shows a cusp 

like transition across five times of its AFM ordering temperature [240]. Moreover, μeff(T) behavior noticed 

in the present system is in line with the previous studies on Co substituted ZFO systems which exhibits AFM 

ordering across 110 K followed by SR correlations in the range 110 K ≤ T ≤ 260 K, nonetheless, the low-

temperature region (below AFM region) is dominated by cluster SG like features [86,241]. Interestingly, 

Schiessl et al. reported SR AFM correlations at higher temperatures (nearly ten times above the TN) in the 

parent ZFO bulk system which is attributed to the development of small magnetic clusters leading to a 

peculiar feature called ‘superantiferromagnetism’ [135]. 

For an accurate determination of ordering temperature, we have evaluated the differential ZFC magnetic 

susceptibility ∂(χT)/∂T and plotted the same as a function of temperature for all the three systems as shown 

in figure 4.3. This analysis provides a mathematical basis of relating the transition temperature obtained from  
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Figure 4.5: The plots of first order temperature derivatives of χT versus T of ZFRO, CZFRO, and CZFR1.5O samples 

attained in the presence of external magnetic field H = 500 Oe are illustrated in the panels (a), (b), and (c), respectively. 

 

the magnetization measurements with the heat-capacity data following the relation (C ≃ A∂(χT)/∂T) reported 

by Fischer’s reference [160]. Accordingly, we obtained the peak temperatures which are the FiM Néel 

temperatures (TFiM) ~ 12.73 K, 18.13 K, and 14.08 K for the compositions ZFRO, CZFRO and CZFR1.5O, 

respectively (measured for H = 500 Oe under ZFC conditions). An additional weak hump noticed below TFiM 

at ~ 11.2 K in figure 4.5(b) may be originating due to the progressive freezing of spin clusters in locally 

ordered states similar to the systems which exhibit Gabay−Toulouse type mixed phases [7,85,242-244]. 

Usually, such transitions are not so prominent under low-fields (H ≤ 1 kOe) [158,168]. Since these 

magnitudes are sensitive to the strength of external applied field, such field (H) variation by virtue of both 

temperature and frequency dependent analysis of ac (and dc) magnetic susceptibility are discussed below in 

a detailed way. 

 

4.3.3. Spin-Glass State: 

Thus, in order to get more accurate insight into the dispersive nature of the transition and SR ordering, 

we performed a detailed temperature and frequency dependence of ac magnetic susceptibility χac(f, T) study 

for the two compositions. These measurements are performed using the SQUID magnetometer from 5 K to 

76 K at several frequencies between 0.17 Hz and 1202 Hz with an ac peak-to-peak amplitude hac ~ 4 Oe,  
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Figure 4.6: (a) Real and (b) imaginary components of the ac magnetic susceptibility (χac) of CZFRO measured under 

warming conditions using an applied ac field (hac) of amplitude 4 Oe with H = 0 Oe, for several frequencies between 

0.17 Hz and 1202 Hz. The inset in (a) shows the χ′ versus T data up to 76 K. 

 

along with and without the superimposition of H. Figures 4.6 and 4.7 shows the temperature variation of the 

in-phase (χ′(T)) and out-of-phase (χ′′(T)) components of χac for different magnitudes of f. The main panels of 

these figures contain data within the interval 5 K ≤ T ≤ 35 K and 5 K ≤ T ≤ 30 K for CZFRO and CZFR1.5O, 

respectively, whereas the inset of figure 4.6(a) shows the full temperature scale exhibiting a complete broad 

cusp revealing no further transition beyond ~ 30 K. The frequency dispersion across the main transition 

temperature (low temperature peak) in both the compositions is quite clearly evident from both χ′(T) and 

χ′′(T) and shows the signatures of SG like features. The frequency dispersion is observed at temperatures 

very close to TFiM, yet, the TFiM may or may not exhibit SG-like features every so often, and the separation 

between the SG ordering temperature (TSG) and TFiM becomes noticeable only under higher applied fields 

(discussed in figure 4.11) [158,168]. Hence the low temperature peak noticed in both figures 4.6 and 4.7 are 

represented by TSG with its H dependence, which is distinctly different from TFiM, is discussed later in figure 

4.11. The insets of figure 4.7 display the zoomed views of the ac data clearly showing the peak shift (of TSG) 

towards the higher temperature side with increasing frequency. It is interesting to notice a second local 

maximum T* in χ′′(T) above TSG in CZFRO, on the contrary, the second composition CZFR1.5O does not 

exhibit T*. To unveil the SG like SR characteristics, present in the investigated systems, we employed the  
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Figure 4.7: Temperature variations of (a) real and (b) imaginary components of the ac magnetic susceptibility χac of 

CZFR1.5O recorded under hac = 4 Oe and without applying H, for several frequencies between 0.17 Hz and 1202 Hz. 

The zoomed images of the main panel data across the peak temperatures are shown in the respective insets of both (a) 

and (b). 

 

analysis pertaining to two standard empirical scaling laws known as: the Vogel−Fulcher law (VFL) given by 

the equation (4.1) and the power law (PL) given by the equation (4.2), as listed below [154]. 

τ = τ0 exp[Ea/kB(T − T0)]      (4.1) 

  τ = τ0 [(T − TSG)/TSG]−zν     (4.2)   

 
In the above equations, τ = 1/2πf is the relaxation time whose temperature dependence is usually determined 

from the peak position of the χ′′(T) data at different f, τ0 is associated with the relaxation of individual cluster 

magnetic moments, T0 represents the strength of inter-cluster interactions, Ea is the activation energy and zν 

is a dynamical critical exponent with values usually lying between 4 and 12 for SG systems [181]. Both the 

above equations contain three parameters each: τ0, Ea and T0 in equation (4.1) and τ0, TSG and zν in equation 

(4.2). Figure 4.8 shows the logarithmic variations of the relaxation time Ln τ versus (a) 1/(T − T0) and (b) Ln 

[(T − TSG)/TSG] corresponding to the equations (4.1) and (4.2) of the VFL and PL, respectively. For this 

purpose, the peaks in the real and imaginary components of χac values of both CZFRO (two peaks) and 

CZFR1.5O (one peak) are considered. The solid lines shown in red color are the least square fits of the  
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Figure 4.8: Logarithmic variations of the relaxation time Ln (τ) versus (a) 1/(T − T0) and (b) Ln ((T − TSG)/TSG) based 

on the Vogel−Fulcher law and Power law, respectively. For this purpose, the peaks in the real and imaginary χac values 

of both CZFRO (two peaks) and CZFR1.5O (one peak) are taken under consideration. The solid red lines are least 

square linear fits of the experimental data points (represented by scattered symbols). 

 

Table 4.2: Parameters obtained by fitting the empirical scaling laws: equations (4.1) and (4.2), to the χac (T) vs. T data 

of both CZFRO and CZFR1.5O. 

 

 

Composition → CZFRO 

 

χ' − TSG 

CZFRO 

 

χ'' − TSG 

CZFRO 

 

χ' − T* 

CZFRO 

 

χ'' − T* 

CZFR1.5O 

 

χ' − TSG 

CZFR1.5O 

 

χ'' − TSG Scaling Laws Fitting 

parameters 

 

Vogel−Fulcher 

Law 

Τ0 (K) 17.48 16.93 22.21 19.89 13.72 13.65 

τ0 (s) 2.01×10−9 6.73×10−10 1.09×10−4 1.35×10−4 7.28×10−12 2.88×10−8 

Ea (meV) 2.26 2.89 2.24 2.37 2.89 1.67 

 

Power Law 

TSG (K) 18.1 17.77 22.43 20.03 14.67 14 

τ0 (s) 1.45×10−12 2.5×10−12 1.44×10−8 5.22×10−7 9.36×10−12 2.48×10−11 

zν 8.34 8.43 8.43 7.56 6.84 8.41 

zν values from: 

𝐿𝑛 (
40𝑘B𝑇0

𝐸a
) ~

25

𝑧𝜐
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 experimental data points represented by the hollow symbols. Both the scaling laws resulted in a straight line 

behavior with different fitting parameters as listed in table 4.2. The following fitting parameters are evaluated 

from PL for CZFRO (CZFR1.5O): τ0 = 1.45 × 10−12 s (9.36 × 10−12 s), TSG = 18.1 K (14.67 K) and zν = 8.34 

(6.84), using the frequency variation of χ′(T) for TSG (similarly using χ′′(T) we obtained τ0 = 2.5 × 10−12 s 

(2.48 × 10−11 s), TSG = 17.77 K (14 K) and zν = 8.43 (8.41) for CZFRO (CZFR1.5O)). On the other hand, the 

mathematical fits corresponding to VFL for CZFRO (CZFR1.5O) yield the following parameters: Ea = 2.26 

meV (2.89 meV), T0 = 17.48 K (13.72 K) corresponding to χ′(T)-TSG and Ea = 2.89 meV (1.67 meV), T0 = 

16.93 K (13.65 K) corresponding to χ′′(T)-TSG. By means of the fitting parameters acquired from VFL and 

the relation between VFL and PL: 𝐿𝑛 (
40𝑘B𝑇0

𝐸a
) ~

25

𝑧𝜈
 , we have reevaluated the magnitudes of zν which are in 

excellent agreement with that determined from PL (table 4.2) [154]. The τ0 and zν values in case of both 

CZFRO and CZFR1.5O lies well within the range valid for the cluster SG systems [7,78,154,158,180,245-

248]. Yet, the confirmation of cluster SG state is relied more on the basis of the magnitudes of Mydosh 

parameter (Ω) which is calculated using the below relation [147,158,168]: 

Ω =
𝑇𝑓2 − 𝑇𝑓1

𝑇𝑓1(log 𝑓2 − log 𝑓1)
                                                             (4.3) 

 
Here Tf 2 and Tf 1 are the temperatures corresponding to the peak values in χ′′ for f2 (highest measured 

frequency) and f1 (lowest measured frequency), respectively. For both the systems, CZFRO and CZFR1.5O, 

we obtained Ω = 0.009 and 0.0119, respectively across TSG, however, considerably higher value (Ω ~ 0.0579) 

is obtained in case of T*. Usually low-dimensional magnetic nanostructures exhibit significantly higher Ω 

values between 0.05 and 0.13 which progressively increases with ceasing of inter-particle interaction 

[249,250]. The scale of Ω for typical cluster SG transitions is usually of magnitude comparable to or smaller  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Time dependence of the thermoremanent magnetization (MTRM) for both CZFRO and CZFR1.5O. LHS and 

RHS indicates the data points obtained immediately after switching off the cooling magnetic field of 90 kOe, at T = 1.9 

K and 10 K, respectively. The solid lines are fits of the equation MTRM(t) = MTRM(0) − S Ln t with the data points 

measured over 11000 seconds. 
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than 0.01 [250,251]. In case of canonical SG systems, the Mydosh parameter Ω is mostly one order less, for 

instance Ω = 0.0045−0.005 for AuMn and CuMn systems [118,153]. Although, higher order (0.28) values 

are noticed in case of noninteracting superparamagnets [118]. 

Thus, in this work, the results obtained above collectively supports the prevalence of SR-ordered cluster 

SG state in both the systems below TSG [154,155,252,253]. While, the broad cusp across T* is rather related 

to the SR spin correlations as described below. Nonetheless, the frequency dispersion noticed in the 

imaginary component (figure 4.6(b)) of CZFRO system contains another broad hump in the lower 

temperature region (T ~ 9.5 K), which is not very prominent except at high frequencies. Also, the frequency 

variation of this peak position does not follow any specific (increasing or decreasing) trend, leading to 

negative value of Ω, which has no physical basis. It may be argued that this hump appears as a result of 

relaxation of the spins that are decoupled from the main clusters due to the increase of dilution of magnetic 

ions on the B sites [158]. 

The two peak (TSG and T*) behavior noticed in figure 4.6 is rare in the literature and is considered as an 

important finding of this study. T* is related to the formation of slowly fluctuating spin clusters coexisting 

within the fast fluctuating paramagnetic (PM) region. As a result, SR ordering persists above TSG (up to TM, 

in consonance with the μeff(T) vs. T analysis discussed above) in the CZFRO [254]. Similar results are 

reported in multiferroic Ba3NbFe3Si2O14, perovskite systems such as SrRuO3 and Pr0.9Ca0.1MnO3, and 

nanoparticulated solid solutions of (La0.7Sr0.3MnO3)1−x(BaTiO3)x [255-258]. Nevertheless, Baker et al. 

reported bidirectional frequency dependence in χ′(T) plots of layered-triangular-magnet NaNiO2 and also 

similar type of results are reported by Pakhira et al. on a hexagonal intermetallic compound Pr2Ni0.95Si2.95, in 

which the exchange interaction among the ions is dominated by the Ruderman−Kittel−Kasuya−Yosida-type 

interactions [254,259]. 

Further evidence for the existence of SG character is confirmed from the time (t) dependence of its 

magnetization measured well below the TSG: at 1.9 K and 10 K, after cooling both the samples from room 

temperature in the presence of high magnetic field (H ~ 90 kOe). After the temperature became stable at set 

point, field was switched off and the magnetization was measured immediately as a function of time M(t) up 

to ~ 3 h. To obtain data for the next temperature, the sample was warmed to 300 K and cooled back to the 

subsequent set temperature (10 K) under 90 kOe field and the data acquisition was repeated in the similar 

way. Figure 4.9 shows the time dependence of the thermoremanent magnetization, MTRM(t) for both the 

systems CZFRO and CZFR1.5O recorded at 1.9 K and 10 K. The solid lines are fits of experimental data 

points with the equation MTRM(t) = MTRM(0) − S Lnt, where S is the magnetic viscosity; in the present case it 

is determined from the fits and/or slope and M(0) is the Y−intercept (figure 4.9). For both the systems CZFRO 

and CZFR1.5O at 1.9 K, the magnitudes of the fitting parameters are as follows: S = 17.77 emu mol−1 and 

8.65 emu mol−1, and M(0) = 590 emu mol−1 and 240 emu mol−1, respectively. These magnitudes decrease 

monotonically with increase in temperature (at 10 K, S = 3.66 emu mol−1 and 0.62 emu mol−1, and M(0) = 

59 emu mol−1 and 7.9 emu mol−1 for CZFRO and CZFR1.5O, respectively) and finally become negligible on 

approaching TFiM. The large value of M(0) at low temperatures specifies existence of spin-clusters [168,181]. 
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Figure 4.10: Temperature dependence of χ′′(T) for the compositions (a) CZFRO and (b) CZFR1.5O measured at 17.1 

Hz and 51 Hz frequencies, respectively, and hac = 4 Oe with superimposed dc bias fields (100 ≤ H ≤ 800 Oe). Insets 

show the AT-line (TSG vs. H 2/3) linear fits of the experimentally obtained data points from the cusps in χ′′(T) and 

∂(χ′T)/∂T on the LHS and RHS, respectively. 

 

 

4.3.4. Field Dependence of AC Susceptibility and DC Magnetization: 

In order to gain more insight on the glassy characteristics of the current system we performed the 

additional ac measurements in the presence of external dc magnetic field. Figures 4.10(a) and 4.10(b) shows 

the χ′′(T) of CZFRO (and CZFR1.5O) system recorded at a constant driving frequency of 17.1 Hz (and 51 

Hz) with peak-to-peak amplitude hac ~ 4 Oe by superimposing different dc bias-fields (100 ≤ H ≤ 800 Oe). 

For both the samples, the out-of-phase susceptibility curves exhibit cusp like behavior in which the peak 

maximum (TSG) shift significantly towards low temperature side with increase in the magnitude of H. 

Additionally, in the case of CZFRO, the cusp across T* (indicated in figure 4.6) is suppressed with increasing 

H suggesting that the slowly fluctuating FiM clusters lose their significance in the PM regime at higher 

applied dc magnetic fields. Such variation across TSG is interpreted on the basis of non-mean field approach 

TSG(H) = TSG(0)[1 − AH2/ϕ] commonly known as de Almeida−Thouless, AT−line analysis (or 𝐻(𝑇SG) =

𝐴 (1 −
𝑇SG(𝐻)

𝑇SG(0)
)

𝜙
), where ϕ = 3 corresponds to the ideal case [260,261]. Accordingly, the variations of TSG 

obtained from the cusps in both χ′′(T) and ∂(χ′T)/∂T are plotted as a function of H2/3 on the LHS and RHS,  
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Figure 4.11: Temperature dependence of the dc susceptibility χ for the composition CZFRO measured at several 

constant H values between 500 Oe and 90 kOe under zero field cooling conditions. The small arrows mark the two peak 

positions corresponding to a higher and a lower temperature magnetic ordering transitions. 

 

respectively, of the insets in figure 4.10 (scattered symbols) along with their corresponding mathematical 

least square fits, supporting the non-mean field approach of SR spin correlations, which slightly departs for 

the case obtained from ∂(χ′T)/∂T in consonance with the literature reports [168]. Such AT-analysis has been 

frequently employed in the literature to explain the SG like disordered state in variety of compounds, and 

this criterion is often used to study the characteristic features of SG ordering, including the magnetic 

nanoparticles [262-264]. On the other hand, the temperature dependence of high field (2 kOe ≤ H ≤ 20 kOe) 

dc susceptibility χhf(T) analysis provides evidence for the Gabay−Toulouse type mixed-phase (i.e. 

coexistence of the SG and FiM behavior) present in the investigated system. Figure 4.11 shows the χhf−ZFC(T) 

plots which clearly shows that the two-peak behavior visibly distinguishing between the FiM ordering 

temperature TFiM and SG state TSG, in which both the order parameters shift towards lower temperature side 

with rise in H. Both the order parameters are obtained from the differential susceptibility plots, i.e. 

∂(χhf−ZFCT)/∂T versus T plots associated with the Fisher’s relation discussed above and these parameters are 

further utilized in establishing the H−T phase diagram (discussed below). 
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Figure 4.12: Thermal variation of total specific heat Cp data measured under both H = 0 and 90 kOe conditions for the 

bulk CZFRO system. Along with the Cp(T) the individual contributions of magnetic CM and phonon CL parts and their 

temperature variations are also plotted, which are estimated from the Debye model of specific heat. The inset represents 

the temperature dependence of the CM /T (depicted on left-hand-side-scale) in which the right-hand-side-scale shows the 

magnetic entropy SM (T) calculated using the numerical integration of CM /T. 

 

 

4.3.5. Temperature Dependence of Specific Heat: 

The temperature dependent heat capacity measurements were carried out from 4 K to 120 K and plotted 

in figure 4.12. We observe that even higher field up to 90 kOe could not produce bifurcation between the 

specific-heat curves corresponding to H = 0 (Cp(0)) and 90 kOe (Cp(90 kOe)). Furthermore, the individual 

contributions to specific heat capacity from lattice (CL) and magnetic (CM) parts for CZFRO have been 

obtained from the total specific heat (Cp) data using the Debye formula, 

CL = N fD(ΘD/T) = 9 N R (T/ΘD)3 ∫
𝑥4𝑒𝑥

(𝑒𝑥−1)2 𝑑𝑥
𝛩D

𝑇
0

                        (4.4) 

 
and Cp = CL + CM. In equation (4.4) the term fD(ΘD/T) defines the Debye function (= 9R (T/ΘD)3 

∫
𝑥4𝑒𝑥

(𝑒𝑥−1)2 𝑑𝑥
𝛩D

𝑇
0

), N is the number of cations per formula unit/unit cell, R is the universal gas constant (8.314 

J mol−1K−1) and ΘD represents the Debye temperature. Usually, the Cp(0) curve is fitted to the Debye relation 

for T ≫ TFiM to extract CL, where the role of CM is expected to be insignificant [175,263,264]. This analysis 

results in ΘD = 400.6 K for CZFRO which is nearly 25 K lower than the ΘD of AFM bulk ZFO (ΘD = 425 

K) [170,265]. The fitted data i.e. CL has been extrapolated to 4 K and is shown as grey square symbols in 

figure 4.12 which apparently deviates from Cp at low temperatures. Whereas, for T < 35.9 K, CM takes over 

CL as the spin reorientation in preferred directions takes place while lattice vibrations collapse. However, the  
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Figure 4.13: The magnetic entropy (ΔSM) contribution at low temperatures derived from the specific heat data for 

CZFRO. The magnified image for the range T ≤ 15 K is shown in the inset. 

 

temperature dependence of CM does not exhibit any λ−type anomaly across TFiM except for the broad hump 

around 27 K which indicates the absence of LR ordering in CZFRO [158]. 

Upon numerical integration of CM /T data the magnetic entropy (SM) has been calculated and shown on 

the RHS scale of inset in figure 4.12. Across the TFiM, SM is about 4.4 J mol−1K−1 and is significantly smaller 

than the expected theoretical value of ~ 14.75 J mol−1K−1 (= R Ln(2S + 1) for S = 5/2 ground state spin of 

Fe3+). It is quite intriguing to notice that the saturation of the magnetic entropy occurs at a temperature close 

to 75 K (much higher than TFiM) with a further residual magnetic gain to a total of 11.36 J mol−1K−1 at 120 K. 

Nevertheless, the difference between the experimental and theoretical values are accounted for the slight 

deviation in the cationic distribution of the mixed spinel system in comparison to the ideal spinel 

configuration. Considering the mixed valence state of Fe and its dominant spin in comparison to spin-half 

states of Cu and Ru, both the experimental and calculated magnitudes of SM (T) are in excellent agreement 

with each other. The exact cationic distribution obtained from the inverse PM susceptibility analysis together 

with the structural data has been given in table 4.1. These signify the fact that no contribution of the spin 

entropy exists beyond the ground state of the magnetic entropy in the mixed valence states of transition metal 

ions present in the current CZFRO system. On the other hand, the temperature dependence of magnetic 

entropy change (−ΔSM)(T) obtained from the heat-capacity data for a field change of 90 kOe is quite 

fascinating. In particular, the zero crossover of the entropy at low temperatures is in consonance with the 

transition region from SR FiM state to SG state (inset of figure 4.13). Nonetheless, the temperature variation 

of ac susceptibility is in congruence with the change in entropy trend in which both the quantities decrease 

above ~ 40 K. 
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Figure 4.14: Temperature variation of the paramagnetic susceptibility (χp = (χ − χ0)) data obtained experimentally while 

the solid lines represent the best fits to the high temperature series expansion (HTSE) given in the equation (4.5). 

 

 

4.3.6. Exchange Constants: 

To determine the dominant exchange interaction in these systems we employed the high temperature 

series expansion (HTSE) method applicable to the spinel lattice based on the Heisenberg Hamiltonian and 

the corresponding susceptibility series expansion is given as follows [169].  

𝜒p =
𝐶

𝑇
∑ C𝑖 (

−𝐽

𝑘B𝑇
)

𝑖
6
𝑖=0      (4.5) 

 
In the present case, the systems under investigation contains multiple magnetic ions contributing to the total 

magnetic moment of each system separately. Accordingly, to calculate the normalized coefficients (Ci) up to 

6th order the factor ‘r’ has been evaluated following the analysis employed by Schmidt et al. such that r = 

μeff
2/4 [168,169]. Here, μeff is calculated from the inverse of PM susceptibility analysis which is discussed 

later. In equation (4.5), the magnitudes of the coefficients Ci’s for ZFRO being: C0 = 1, C1 = −16.8, C2 = 

231, C3 = −2808.77, C4 = 32 266.39, C5 = −367 268.15, C6 = 4211 223.76. Similarly, for CZFRO 

(CZFR1.5O): C0 = 1 (1), C1 = −24.51 (−11.23), C2 = 494.48 (102.09), C3 = −8855.87 (−814.41), C4 = 150 

138.28 (6118.19), C5 = −2519 522.84 (−45 632.91), C6 = 42 508 607.62 (344 130.82). The solid lines shown 

in the figure 4.14 represents the best fits of the HTSE to the experimental data points for all the three 

compositions (a) ZFRO, (b) CZFRO and (c) CZFR1.5O which results in the dominant exchange constant  
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Figure 4.15: Temperature variation (1.9 K ≤ T ≤ 300 K) of the inverse dc magnetic susceptibility χ−1(T) obtained at H 

= 500 Oe (scattered circles) with non-zero χ0 (LHS) and for χ0 = 0 (RHS) along with the dotted lines (linear fits) to the 

CW law for the compositions (a) ZFRO, (b) CZFRO and (c) CZFR1.5O. 
 

Table 4.3: The parameters obtained by fitting the modified Curie−Weiss law (for χ0 = 0 and χ0 ≠ 0) to the temperature 

dependence of inverse dc magnetic susceptibility (χ−1(T)) curves for ZFRO, CZFRO and CZFR1.5O obtained at H = 

500 Oe. 

 

 

J/kB = −1.09 K (AFM), 0.35 K (FM) and −0.71 K (AFM), respectively. On the other hand, the modified CW 

(χ = χ0 + C/(T − θ)) analysis (figure 4.15) leads to the effective magnetic moment (μeff) = 5.8 μB/f.u., 7.06 

μB/f.u. and 4.76 μB/f.u., and the CW temperature θ = −13.97 K, 12.37 K, and −24.29 K for the three 

compositions (a) ZFRO, (b) CZFRO, and (c) CZFR1.5O, respectively. Here the temperature independent 

Composition → ZFRO CZFRO CZFR1.5O 

Fitting Law 

↓ 

Fitting 

parameters 

↓ 

χ0 = 0 χ0 = 0.00025 χ0 = 0 χ0 = −0.00273 χ0 = 0 χ0 = −0.00096 

 

Modified 

Curie−Weiss 

Fit 

C (emu K 

mol−1 Oe−1) 

4.31 4.21 5.07 6.23 2.5 2.84 

µeff (µB /f.u) 5.87 5.8 6.36 7.06 4.47 4.76 

θ (K) −16.26 −13.97 33.68 12.37 −15.72 −24.29 
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diamagnetic susceptibility term (χ0) is evaluated using the high-temperature extrapolation method (χ(1/T)), 

also these magnitudes are comparable to that of the relativistic Hartree−Fock method. These magnitudes of 

μeff are consistent with the individual moments obtained for the ideal spin values in consonance with the 

cationic distribution acquired from the Rietveld refinement data. All the relevant parameters extracted (for 

both χ0 = 0 and non-zero χ0) from this analysis has been listed in table 4.3. 

 

4.3.7. M−H Hysteresis Loop and H−T Phase Diagram: 

Furthermore, we performed the field dependence of magnetization (five cycle hysteresis, M−H) 

measurements at temperatures below the TSG of all the three compositions. The main panel of figure 4.16 

shows the M−H hysteresis loops of (a) ZFRO, (b) CZFRO and (c) CZFR1.5O measured between −90 kOe 

and +90 kOe at T = 1.9 K under ZFC conditions. For all these compositions, we found the M−H data to 

exhibit unsaturated loops with significant coercivity (HC ~ 3.6 kOe). The inset of figure 4.16 illustrates the 

zoomed image of MH−loops at low fields less than 7 kOe clearly showing the HC, remanent magnetization 

(MR) and negligible loop-asymmetry exchange-bias field (Heb). The magnitude of MR (HC) being 186 emu 

mol−1 (2254 Oe) for the composition ZFRO which increases by a considerable amount 127% (59%) due to 

the addition of Cu for CZFRO while HC decreases monotonically with T and becomes negligible on 

approaching TFiM. Based on the parameters extracted collectively from both the dc magnetization data and 

dynamical susceptibility measurements along with the heat capacity analysis, we established the magnetic 

phase diagram in H−T plane for CZFRO as shown in figure 4.17. From this H−T phase diagram one can 

clearly distinguish between the low temperature SG state (determined for H > 2 kOe from χhf−ZFC (H, T) 

analysis) and the FiM state, but with SR ordering, FiM(SRO). Above these phases, a mixed phase (PM + 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Magnetization (M) versus magnetic field (H) hysteresis loops of ZFRO, CZFRO, and CZFR1.5O recorded 

at 1.9 K under zero-field cooling conditions applying field up to ±90 kOe. The inset shows the zoomed view of the main 

panel loops near the coercive region. 
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Figure 4.17: The H−T phase diagram established on the basis of various paramaters obtained from the dc and ac 

magnetization measurements for the composition CZFRO. 

 

SR−FiM) region is mapped, corresponding to the slowly fluctuating FiM clusters having SR ordering 

(SR−FiM) coexisting within the fast-fluctuating PM regime, distinguished by TM as obtained from μeff(T). 

For T > TM, a completely PM state is prevalent without any additional magnetic ordering. It is quite obvious 

from these studies that the moderate presence of the JT active divalent Cu on B sites along with Fe and Ru 

significantly alters the FiM ordering by increasing the A−A and B−B FM interactions. 

 

4.4. Conclusions: 

Below we summarize the important results presented in this chapter. (i) We have successfully synthesized 

single phase polycrystalline bulk samples of mixed spinel Zn(Fe1−xRux)2O4 (x = 0.5, 0.75) with dilute (≤ 0.2) 

dispersion of the JT active Cu-atoms. Rietveld refinement of the XRD data reveals that the B-O bond length 

(2.072 Å → 2.087 Å) and A-O-B bond angle (123.59 ° → 124.16 °) increases with increasing the Cu and Ru 

contents, nevertheless, A-O bond length and B-O-B bond angle follow the opposite trend. (ii) The XPS 

measurements reveal divalent electronic state of Cu, Zn and O while trivalent electronic state of Ru and 

mixed valency of Fe prevails in the spinel lattice. Such elemental configuration is consistent with the effective 

magnetic moment obtained experimentally from the CW law corresponding to the cationic distribution 

evaluated from the Rietveld refinement of XRD data. (iii) FiM ordering in the investigated system is realized 

due to the different magnetic moments of each cation at A and B sites and their different temperature 

dependency leads to varying ordering temperatures and exchange interactions. The FiM ordering temperature 

for ZFRO system is 12.73 K, which shifts to higher temperature side (18.13 K) with the substitution of Cu, 

while it drops to 14.08 K upon increasing the Ru content in the CZFR1.5O system. Nevertheless, 20 atomic 

percentage of Cu substitution in ZFRO induces SR ordering beyond the TSG (at ≃ 6TFiM) due to the 
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intrasublattice FM exchange interaction. (iv) Data acquired for temperature dependent ac susceptibility at 

several frequencies (χac(f, T)) reveals a prominent frequency dispersion across the TSG which fits well with 

the two empirical scaling laws: the VFL and PL. The linear variation of the experimental data (Ln τ vs. 1/(T 

− T0) and Ln τ vs. Ln [(T − TSG)/TSG]), confirm cluster SG state with the characteristic freezing temperature 

TSG = 17.77 K and 14 K with the exponent zν = 8.43 and 8.41 for CZFRO and CZFR1.5O, respectively. (v) 

In case of CZFRO system, the real and imaginary components of χac(T) show an additional transition for T > 

TSG owing to the slowly fluctuating SR FiM clusters prevail in the PM regime. (vi) The slow dynamics of the 

glassy clusters below TSG are further supported by the analysis of Mydosh parameter Ω = 0.009 (0.0119) and 

the time (t) decay of thermoremanent magnetization study resulting in the magnetic viscosity S = 17.77 emu 

mol−1 (8.65 emu mol−1) for CZFRO (CZFR1.5O), respectively. (vii) We employed the HTSE technique to 

determine the symmetric exchange coupling (J) between the spins which results in J/kB = −1.09 K, 0.35 K 

and −0.71 K for the ZFRO, CZFRO and CZFR1.5O systems, respectively, clearly portraying the 

strengthening of intra sub-lattice FM interactions due to the dilute incorporation of the JT active Cu2+. (viii) 

Furthermore, the field variation of the order parameters obtained from the dc magnetization χhf−ZFC (H, T) 

data for CZFRO is consistent with the SR ordering explained on the basis of non-mean-field theory. 

Combining the field variations of both the dc and ac order parameters, and the results obtained from the heat-

capacity analysis, we established a detailed magnetic phase diagram in the H−T plane for these interesting 

spinels.  
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Chapter 5 

Magnetic Exchange Interactions in Cu-ZnFe2O4 Magnetoceramics 

 

In this chapter we mainly focus on the role of magnetic exchange interaction and electronic structure of 

few intermediate compositions between the two end compounds ZnFe2O4 and CuFe2O4. In the very first 

section we provide a detailed literature review on the magnetic and structural properties of the above two end 

compounds along with their intermediate compositions. We also focus on the gaps in literature pertaining to 

the magnetic and electronic structure of the proposed systems and how the current research objectives fulfil 

such gaps.  Key novelty of this chapter is that we employ the well-known Néel’s expression for ferrimagnets 

to reveal the magnitude of exchange coupling with systematic substitution of Jahn−Teller active divalent Cu 

within the spinel lattice.  

 

5.1. Introduction and Objectives: 

This section discusses about physical properties of the two end compounds: CuFe2O4 and ZnFe2O4, 

illustrates their importance and also provide the motive in choosing these compounds. Copper ferrite 

(CuFe2O4), often called cuprospinel, is a well-studied system in the literature because of its tunable tetragonal 

to cubic crystal structure transition (T*) owing to the Jahn−Teller effect below its ferrimagnetic ordering 

(TFiM ~ 507±20 °C, although significant disparities in the TFiM values are found in the literature) [266-269]. 

Numerous methods are implemented by researchers to tune the degree of tetragonality at room temperature, 

such as quenching to low temperatures, slowly cooling from sintering point, applying high pressure, and 

varying the chemical stoichiometry by replacing the B and A site cations with other transition metals [270-

279]. In all these cases, the proportion of divalent copper atoms on the tetrahedral A sites to that of the 

octahedral B sites decides the stability of the tetragonal structure [280]. On the other hand, these spinels under 

reduced dimensions play an important role in industrial applications such as filters in electromagnetic 

interference, gas-sensors [281,282], catalysts [283-285], microwave devices [286], hydrogen energy [287], 

and magneto-electronics [288]. Several reports suggested the following cationic distribution in this 

compound: (CuxFe1−x)A[Cu1−η−xFe1+η+x]BO4 with the degree of inversion x lying between 0 (inverse-spinel) 

and 1 (normal-spinel) [279,289,290]. 

It is a very challenging task to maintain the stoichiometric proportion of the cations in this compound 

using conventional heat-treatment conditions at the synthesis level because of the formation of CuO as 

secondary phase due to which one always observes deviation from exact stoichiometry leading to η ~ 

0.04±0.01 [291]. Thermal kinetics of Cu are quite inimitable in spinel lattice, for example, Cu2+ exhibits a 

high migration rate above 400 °C (with low activation energy Ea ≤ 0.1 eV) so that they swiftly reorder in the 

lattice leading to fractional inverse-spinel structure (approximately 0.85 Cu2+ ions on the octahedral sites) 

[292]. Thus, the rate of cooling (either rapid or slow) plays an important role in deciding the crystal structure 

in the bulk form whether it is cubic or tetragonal. Moreover, the oxygen deficiency in this system is quite 
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unfavorable to the formation of tetragonal structure, which in turn affects the phase transition temperature 

and magnetic ordering [293]. Nevertheless, the end compound x = 1 (ZnFe2O4) exhibits a normal spinel 

structure and low-temperature antiferromagnetic ordering with Néel temperature of ~ 10 K [135,137,294-

297]. In this compound, both A and B sites contain divalent Zn and trivalent Fe ions with a general formula 

(ZnFe)x[ZnFe]2−xO4, in which the magnetic ordering strongly depends on the stoichiometry/state of chemical 

order and the site occupancy of cations [137,220,298,299] The cations at B sites are positioned at the 

junctions of the tetrahedron, in which each corner is shared by two tetrahedral. If we consider the tetrahedron 

as a single entity, then the B sites of the spinel structure can be described as face-centred-cubic configuration 

of molecules similar to the pyrochlore structure and some intermetallic Laves-phases. In such a case, one can 

expect unusual magnetic behavior in the system such as geometrical frustration, spin-liquid state, Griffiths 

phase, reentrant spin-glass behavior with unusual ground states, negative magnetization, and bipolar 

exchange-bias [147,175,240,300-302]. Although the physical properties of Zn-substituted CuFe2O4 have 

been extensively investigated, studies related to its compositional dependence of magnetic ordering 

temperature, exchange interactions, and anisotropy studies in bulk Cu1−xZnxFe2O4 system are still lacking in 

the literature. 

The majority of today’s research activity on this system is intensive on the nanostructures and thin films 

forms of the compounds to explore their potential applications in industries, especially in the renewable 

energy sector [267,303,304]. Also, a systematic correlation of the change in the electronic and crystal 

structure of bulk grain sized Cu1−xZnxFe2O4 magneto-ceramics is scarce in the literature. Recent numerical 

calculations by Salmi et al. reported the variation in the exchange interactions (JAA(x), JBB(x), and JAB(x)), 

long-range ordering temperature, and critical exponent (γ) for various compositions of Cu1−xZnxFe2O4 using 

the high temperature series expansion studies linked with the Padé approximation [305]. Therefore, in the 

current work, we focus our study on magnetic behavior and exchange interactions between the temperature 

range 1.9 K and 900 K of various levels of Zn diluted CuFe2O4 bulk grain size compounds under different 

measurement protocols along with a systematic correlation of these results with the crystal structure, 

electronic properties, and morphology. Detailed methodology, experimental results and their discussion, and 

the analysis are presented below. 

 

5.2. Experimental Details: 

This section elaborates the experimental steps followed for the synthesis and preliminary 

characterizations obtained in connection with the concepts already discussed in Chapter 2. The standard solid-

state-reaction method was employed to synthesize the bulk samples of Cu1−xZnxFe2O4. For this, we used 

copper oxide (CuO), zinc oxide (ZnO), and ferric oxide (Fe2O3) as precursors. First, stoichiometric 

proportions of these compounds are mixed in a ball-milling machine using a tungsten-carbide jar and ethanol 

as milling medium. Milling was carried out by using tungsten-carbide balls of 10 mm diameter in which the 

ratio of the weight of the balls to powder is maintained as 5:1. Adequate amount of ethanol was also added 

as the milling medium so that the balls would rotate (with 150 rpm speed for 10 h) freely without any friction. 
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The solution was then dried in an oven and calcined at 900 °C for 4 h in air. The calcined powder was made 

into 13 mm diameter pellets using a hydraulic press and sintered at 1050 °C for 8 h in air. These pellets were 

further reground and sintered at the same temperature for multiple times to avoid the formation of any 

secondary phases. This procedure is employed for the synthesis of almost all the compositions; however, Cu 

rich samples are heat treated at slightly lower temperatures. The crystal structure and phase purity of the 

compounds are examined by performing the x-ray diffraction (XRD) experiments using Rigaku based x-ray 

diffractometer (Model: TTRAX III) with Cu-Kα radiation (λ = 1.54056 Å). In order to investigate the 

microstructure of the samples, we used Field Emission Scanning Electron Microscope, FESEM (Model: 

Sigma-Zesis with extra high tension EHT 2 KV) and a Transmission Electron Microscope (TEM, JEOL JEM-

2100 operated under secondary electron mode with 200 keV potential). These studies reveal the bulk grain 

size of the investigated composition with an average grain size of ~ 15.768 μm (x = 0.4). The selected area 

electron diffraction (SAED) pattern further supports the formation of cubic crystal structure consistent with 

the x-ray diffraction studies. The SAED pattern for the composition x = 0.4 agrees well with the cubic phase 

determined from the x-ray diffraction studies. The bright-field, high resolution transmission electron 

micrograph (HRTEM) reveals the uniform lattice spacing of ~ 3.28±0.01 Å consistent with the interplanar 

spacing (d220) determined from the x-ray diffraction analysis discussed below. Electronic structure and 

elemental analysis was performed by x-ray photoelectron spectroscopy (XPS) from Thermo Fisher Scientific 

250Xi and Energy Dispersive Spectroscopy, EDAX from Zeiss (Model GEMINI 300). Temperature 

dependence of the magnetization measurements are performed using a physical property measurement 

system, PPMS from Quantum Design (Model: DynaCool), which is capable of reaching the low temperatures 

down to 1.9 K from 300 K and a maximum dc magnetic field of 90 kOe. For the high-temperature (until 900 

K) magnetization measurements, we used VSM oven accessory separately. In the subsequent sections we 

provide a meticulous analysis of the experimental results pertaining to the XRD, XPS and magnetization 

data. 

 

5.3. Results and Discussion: 

5.3.1. Elemental Analysis: 

Figure 5.1 shows the XPS spectra (photoelectron intensity vs. binding energy) of all the individual 

elements for x = 0.4 composition. Here, the adventitious carbon (C-1s peak at 284.8 eV) was used as a charge 

reference to calibrate the Cu-2p, Zn-2p, and Fe-2p core level intensity spectra. The Zn-2p core level spectrum 

(figure 5.1(a)) exhibits two sharp symmetrical peaks centred at 1020.96 eV and 1044.03 eV, without any 

signature of satellite peaks. The binding energy separation between these peaks is Δ ~ 23.06 eV confirms the 

divalent oxidation state of Zn [146]. On the other hand, the Cu-2p core level spectrum is deconvoluted into 

four peaks: two main peaks centred at 933.65 eV and 953.56 eV and two satellite peaks at 941.1 eV and 

961.48 eV (figure 5.1(b)). The observed value of spin-orbit splitting between two main peaks is 

approximately 19.91 eV, confirming the divalent oxidation state of Cu, which is further supported by the 

observation of the broad satellite peak at 941.1 eV [151]. Figure 5.1(c) shows the Fe-2p core level spectrum  

TH-3139_186121027



Chapter 5 | Magnetic Exchange Interactions in Cu-ZnFe2O4 Magnetoceramics 

90 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: X-ray photoelectron spectra of (a) Zn-2p, (b) Cu-2p, (c) Fe-2p, and (d) O-1s for the composition x = 0.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: X-ray diffraction spectra and their corresponding Rietveld refinement patterns of various compositions (a) 

x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.2, (e) x = 0.6 of Cu1−xZnxFe2O4. 
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that consists of minimum of six peaks to deconvolute. The four main peaks are centred at 710.10 eV (P1), 

712.3 eV (P2), 719.01 eV (P3), and 724.6 eV (P4), and two broad satellite peaks are located at 714.6 eV (S1) 

and 732.46 eV(S2). The peak centred around 710 eV in the 2p3/2 core level regime can be assigned to Fe2+, 

while the peak at 712 eV is associated with Fe3+ [148,149]. Moreover, the observed values of spin-orbit 

splitting Δ(P3 − P1) ~ 9 eV and Δ(P4 − P2) ~ 12 eV further confirms the mixed (divalent and trivalent) 

oxidation state of “Fe”. These results are consistent with the results obtained from the EDAX measurements. 

 

5.3.2. Structural Characterization: 

Figure 5.2 shows the XRD patterns recorded at room temperature for various compositions of 

Cu1−xZnxFe2O4 (0 ≤ x ≤ 0.6) system along with the corresponding Rietveld refinement data obtained using 

the FullProf program. The XRD pattern for undoped and moderately diluted Zn compositions (x = 0 and x 

= 0.05) corresponds to the tetragonal crystal structure of space group I41/amd with lattice parameters a = b 

= 8.243 Å and c = 8.699 Å. The degree of tetragonal distortion abruptly decreases as the Zn dilution level 

increases in CuFe2O4. For 0.1 ≤ x ≤ 0.6, all the compounds exhibit a change in the crystal structure from the 

tetragonal to cubic phase of space group Fd−3m. Figure 5.3 depicts the variation of the lattice parameters (a 

and c) as a function of composition (x), which divulges a step increase in the lattice parameter above 10 

atomic percent of the Zn level beyond which it remains almost constant at 8.424 Å up to x = 0.6. The bond 

angles between the ions A-O-B and A-O-A follows a completely opposite trend, and the A-O bond length was 

found to remain constant at ~ 2 Å (figure 5.4). Such variations occurring in the unit cell dimensions are 

consistent with different ionic radius of the Cu2+ (0.57 Å), Zn2+ (0.6 Å) and Fe3+ (0.49 Å) ions on A sites as 

compared to the B site occupied cations Cu2+ (0.73 Å), Fe2+ (0.78 Å) and Fe3+ (0.55 Å). Nevertheless, it is 

very interesting to note that the trivalent Fe occupies the tetrahedral A sites with either low spin or high spin 

states for different compositions (x) along with part of divalent Cu, whereas both the divalent and trivalent 

Fe along with most of divalent Cu reside on the octahedral B sites and the divalent Zn occupies only the  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Composition variation of the lattice parameters (a and c) obtained from the Rietveld refinement patterns of 

Cu1−xZnxFe2O4. 
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Figure 5.4: Variation of the bond angle between the cations A-O-B (blue sphere) and A-O-A (red sphere) plotted on 

L.H.S scale and bond-length A-O plotted on R.H.S scale as a function of composition of Cu1−xZnxFe2O4. 

 

 
Table 5.1: The list of crystallographic parameters obtained from the XRD data and their corresponding Rietveld 

refinement data for different compositions of Cu1−xZnxFe2O4. 

 

 

tetrahedral A sites forming a mixed spinel structure in this interesting spinel. Table 5.1 summarizes all the 

parameters obtained from the refinement process. 

 

5.3.3. DC Magnetization: 

Figures 5.5(a)−5.5(c) show the temperature dependence of dc magnetic susceptibility (χ(T)) recorded 

under zero-field-cooled (ZFC) and field-cooled (FC, H @500 Oe) protocols. In these measurements, the data 

were recorded under warming condition from 1.9 K to 300 K after cooling it from the room temperature. 

Both χZFC and χFC curves exhibit bifurcation below Tirr ~ 300K (83.7 K), for x = 0 (0.4). Such thermal 

irreversibility is prominent at low-measuring fields which occurs due to the magneto-crystalline anisotropy, 

beyond Tirr the magnetic moment gradually decreases and approaches a minimum of 5.66 emu mol−1Oe−1  
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Figure 5.5: Temperature variation of the dc magnetic susceptibility χ(T) measured under both zero-field-cooled (ZFC) 

and field-cooled (FC) conditions for different compositions (a) x = 0, (b) 0.4 and (c) 0.6 between the temperatures 1.9 

K and 300 K (the insets of figure (a) and (b) clearly depicts the low temperature transitions TP and T1). Figure (d), (e) 

and (f) shows the χ(T) plots (L.H.S scale) recorded at high temperatures from 300 K to 900 K under warming condition. 

Whereas, the R.H.S scale shows the temperature dependence of ∂(χT)/∂T and insets represents temperature variation of 

χT. 

 

(21.31 emu mol−1Oe−1) for x = 0 (0.4), respectively at 300 K. Moreover, upon close examination of χZFC(T) 

one can notice a fine transition at T1 = 66 K (27 K) below the maximum in χZFC at TP = 194 K (68 K) for x = 

0 (0.4); however, as the compositions increase both TP and T1 gradually smears-off (figure 5.5(c)). This 

system shows ferrimagnetic behavior similar to the parent compound CuFe2O4 due to the unequal magnetic 

moment of the magnetic cations. In order to precisely estimate the exact magnetic ordering temperature, we 

performed the high-temperature magnetic measurements separately under the warming condition from 300 

K to 900 K in the presence of the external magnetic field (500 Oe). Figure 5.5(e) shows the χ(T) plot of x = 

0.4, where the susceptibility drops to zero across 550 K. In order to estimate the ordering temperature 

precisely, we plotted the differential magnetic susceptibility of the function χT with respect to T because the 

temperature dependence of ∂(χT)/∂T is analogous to the thermal variation of the heat capacity Cp (~ A  

5.75

6.00

6.25

6.50

0

2

4

6

21

22

23

24

25

0

5

10

15

20

0 100 200 300

16

18

20

300 600 900

0

4

8

12

16

0 150

5.8

5.9

T
1

T
p

T
p

T
1

T
irr

(f)

(e)

(d)

(c)

(b)T
irr

300 600 900

0

2

4


T

 (
1

0
3
)


T

(1
0

3
)

 

 

-2

-1

0

d
(

T
)/

d
T

 (
1

0
2
 e

m
u

 m
o

l
1
 O

e
1
)

0 25 50 75

24.0

24.2


 (

em
u

 m
o

l
1
O

e
1
)

 

 
-2

-1

0

300 600
0

4

8


T

 (
1

0
3
)

(a)

T(K)T(K)

-1.5

-1.0

-0.5

0.0

300 450 600

0

4

TH-3139_186121027



Chapter 5 | Magnetic Exchange Interactions in Cu-ZnFe2O4 Magnetoceramics 

94 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Temperature dependence of inverse paramagnetic susceptibility χ−1(T) and the corresponding fitting (solid 

red lines) to the Néel’s expression for ferrimagnets for the compositions x = 0 and 0.6. 

 

∂(χT)/∂T). Also, typically, the order to disorder transition in ferri/antiferromagnets occurs at a temperature 

few percent lower than the usual transition. Thus, instead of considering the minimum in the χ(T) plot, we 

took the temperature corresponding to the minimum in the ∂(χT)/∂T vs. T plot as the exact ordering 

temperature. The LHS and RHS scales of figures 5.5(d)−5.5(f) show the temperature variation of χ and sharp 

minimum in derivative plots at 534.3 K corresponding to the ferrimagnetic Néel temperature (TFiM) of the 

investigated system for x = 0.4, which is less than the undoped case 743 K (figure 5.5(d)). For x = 0.6, as 

shown in figure 5.5(f), still lower TFiM (= 370.5 K) was observed. 

 

5.3.4. Ferrimagnetic Néel Temperature and Exchange Constant: 

In order to estimate the effective magnetic moment μeff of the compound, we have plotted the thermal 

variation of inverse paramagnetic susceptibility χ−1(T) obtained from the χZFC(T) data in the paramagnetic 

regime (T > TFiM). Accordingly, the χ−1(T) (for T > TFiM) data are fitted with the Curie−Weiss law χ = C/(T − 

θ) with C = Nμeff
2/3kB, μ2 = g2 J(J + 1)μB

2, θ is the Curie−Weiss temperature, g is the Landé factor, and J is 

the total angular momentum. For x = 0.4, the magnitudes of C (= 3.318 emu K mol−1Oe−1) and θ (= 426.8 

K) are evaluated from the slope and intercepts of the χ−1(T) line. Using the magnitudes of g = 2, C, and θ we 

have evaluated the μeff = 5.15 μB/f.u., which is consistent with the theoretically estimated value of 5.02 μB/f.u. 

according to the cationic distribution (Cu0.12Zn0.40Fe0.48)A[Cu0.48Fe1.52]BO4 [85,267,292,306-309]. For a 

precise understanding of the exchange interactions, we fitted the χ−1 vs. T data (for T > TFiM) with the Néel’s 

expression for ferrimagnets as follows: 

                                     (1/χ) = (T/C) + (1/χ0) − [σ0/(T − θ)]                                     (5.1) 

 
The scattered symbols shown in figure 5.6 signify the experimental χ−1 vs. T data, whereas the solid lines  
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Figure 5.7: Composition dependence of the exchange constants JAB for the system Cu1−xZnxFe2O4. 

 

 
Table 5.2: The list of parameters obtained after fitting the Néel’s expression (equation (5.1)) for ferrimagnets with the 

temperature dependence of inverse paramagnetic susceptibility data. The parameter J represents the exchange constant. 

Whereas the C, μeff and Θ denotes Curie constant, effective magnetic moment and Curie−Weiss temperature, 

respectively. σ0 and χ0 are the constants. 

 

 

represent their corresponding fits (for x = 0 and 0.6). In equation (5.1), C represents the Curie constant, θ is 

the Curie−Weiss temperature, σ0 and χ0 are constants, and Ta = C/χ0 is the asymptotic Curie temperature 

(−547.2 K and −315.8 K for the compositions x = 0 and x = 0.6, respectively). Usually, the asymptotic Curie 

temperature represents the strength of the magnetic exchange coupling between the tetrahedral A site spins 

and the remaining cations occupying the octahedral B sites. Using the fitted parameters obtained from the 

Néel’s expression for ferrimagnets, we have determined the molecular field constants and exchange constants 

(JAA, JBB, and JAB). A detailed composition dependent analysis of exchange interaction (J(x)) reveals that 

JAB/kB (~ 25 K for x = 0) is ferromagnetic in nature, and it is the main dominant exchange interaction in 

comparison to the other two exchange constants (JAA and JBB), though, JAB decreases significantly with  
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Figure 5.8: Compositional variation of the Néel temperature TFiM(x) and effective magnetic moment µeff (x). The red 

line is the quadratic fitting to the TFiM values obtained for different compositions. 

 

increasing the composition (JAB/kB ~ −5.5 K for x = 0.6) (figure 5.7). At very high compositions, these 

interactions are antiferromagnetic in nature (−ve JAB) consistent with the AFM ordering of the end compound 

ZnFe2O4 (x = 1). Table 5.2 lists all the physical parameters obtained from the Néel fits of the χ−1(T) data 

measured under the ZFC condition for all the six compositions. With an increase in x, the A site gets diluted, 

hence magnetization of A sublattice becomes too small. Also, the interaction between B cations becomes 

weaker due to competing exchange interaction on B sites, finally leading to a canted spin structure [310]. 

Nevertheless, for very dilute dispersion of Zn (x ≤ 0.05), the system stables in the next lower symmetry 

tetragonal crystal structure of space group I41/amd, which influences the exchange interactions significantly. 

Figure 5.8 shows the variation of ordering temperature and the effective magnetic moment plotted as a 

function of composition (TFiM (x) and μeff (x)). We noticed continuous decrease of TFiM with increasing the Zn 

content following the trend TFiM = y0 + b1 x + b2 x2 with intercept y0 = 740.42 K and the constants b1 = 

−306.73, b2 = −517.84. However, the magnitudes of μeff increases progressively from 3.2 μB/f.u. to 5.15 

μB/f.u., with increasing x from 0.05 to 0.4, respectively. In the case of tetragonally distorted compositions, 

μeff essentially decreases with increasing x, which is apparent due to the increase of the nonmagnetic Zn ions. 

For the compositions with the stable cubic structure, μeff increases initially and then decreases beyond xc (= 

0.4). Such a variation is consistent with the anisotropy calculations discussed below. 

 

5.3.5. M−H Hysteresis Loop and Magnetic Anisotropy: 

Figure 5.9 shows the magnetization vs. field (M−H) magnetic hysteresis loops of the composition x = 

0.4 measured at different temperatures between 2 K and 300 K. These loops quickly saturate with the 

negligible coercive field. In order to probe the anisotropy of the system, we measured the isotherms of M−H 

at different temperatures (as shown in the inset of figure 5.9) and employed the law of approach to saturation  
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Figure 5.9: Magnetization versus field (M−H) hysteresis loops recorded at different temperatures (2 K ≤ T ≤ 300 K) for 

the composition x = 0.4 under ZFC condition. The inset shows the M−H isotherms recorded in the first quadrant (from 

0 to 90 kOe) at different temperatures. 

  

(LAS) technique [311-313]. The virgin magnetization isotherm curves obtained from the experiments are 

fitted with the mathematical expression of LAS (equation (5.2) given below). According to LAS, near the 

saturation magnetization (MS), the magnetic moment of the samples can be expressed as follows: 

𝑀 = 𝑀S (1 −
𝑎

𝐻
−

𝑏

𝐻2) + 𝜒𝐻                                                            (5.2) 

 
In the above equation, the term a/H is linked with the structural defects, whereas the magneto-crystalline 

anisotropy of the material is defined by the b/H2 term, and the last term χH represents the paramagnetic 

behavior of the system. The value of b in equation (5.2) is given as 𝑏 =
8

105

𝐾1
2

𝜇0
2𝑀s

2 , where K1 represents the 

cubic anisotropy constant and MS being the saturation magnetization. The corresponding anisotropy field HK 

for a cubic crystal with easy direction along the [100] direction has been calculated using the relation HK = 

2K1/μ0MS. The solid lines in the inset of figure 5.9 represent the best fit obtained using equation (5.2) to the 

experimental data points shown as scattered symbols. At T = 2 K, the magnitude of K1 and HK are 1.616 × 

106 erg/cc and 5.49 kOe, respectively, which decreases drastically with increasing the temperature. From 

figure 5.10, we noticed that the temperature variation of K1 and HK parameters decrease monotonically with 

increasing the temperature. These magnitudes of K1 and HK are consistent with the previously reported data 

on and slightly larger than the case of nanoparticles, for example, K1 ~ 1.8 × 105 erg/cc (at T = 4.2 K) for 

CuFe2O4 nanostructures [289] and two orders greater than (K1 = 7.2 × 104 erg/cc, HK = 1.97 kOe) the case 

of magnesium ferrites aerogels [220]. Interestingly, the results obtained from the current study are  
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Figure 5.10: Temperature variation of the cubic anisotropy parameter, K1(T) and the anisotropy field HK(T) for the 

composition x = 0.4. 

 

comparable to K1 = 2.23 × 106 erg/cc reported by Rondinone et al. for CoFe2O4 nanoparticles of size 8.5 nm 

using Mössbauer spectroscopy [314]. In the case of Zn-substituted cobalt ferrite, nanoparticles coated with 

triethylene glycol K1 ~ 7.1 × 104 erg/cc and HK ~ 1.9 kOe, which are significantly lower than the current 

results [315]. 

Figure 5.11 shows the temperature variation of the saturation magnetization MS(T) of x = 0.4, which 

shows a decreasing trend with increasing the temperature. Normally, the spontaneous magnetization in spinel 

ferrites arises due to the difference in the magnetic moments of cations, which are distributed in the octahedral 

and tetrahedral sites. The saturation magnetization (MS) is found to be 2.86 μB/f.u. at 300 K, which increases 

to 4.73 μB/f.u. at 2 K. In figure 5.11, the dotted line represents linear extrapolation of the experimental data, 

which intersects the temperature axis at 767.74 K (T*); this value is well above the TFiM (= 534 K), 

representing that high-field susceptibility is still non-zero till T*. Although the nonlinear behavior of M−H 

loop disappears due to the increasing thermal fluctuations above TFiM, which is typical to the paramagnets, 

the magnetic moment does not approach exactly to zero value until the measurement temperature approaches 

T* [316]. For x = 0.4, the magnitude of MS is found to be ~ 16.08 × 103 emu mol−1 (67 emu g−1) at room 

temperature, which is higher than that of the ball milled prepared nanostructured CuFe2O4 (26.3 emu g−1) 

[317], bulk CuFe2O4 (33.1 emu g−1) [318], nanostructured CuFe2O4 (37.98 emu g−1) [319], and CuFe2O4 

nanorods (8.35 emu g−1) [320]. For a detailed understanding of the role of Zn dilution on the low temperature 

magnetic behavior, we measured the virgin M−H isotherms (as shown in figure 5.12) at T = 2 K for various 

compositions in the range 0 ≤ x ≤ 0.6. It has been observed that the magnitude of MS increases progressively 

with increasing x from x = 0 to x = 0.4 as shown in figure 5.13 (for T = 2 K (300 K) MS increases from 1.64 

(1.41) μB/f.u. to 4.73 (2.86) μB/f.u.). Such an increase in MS with the Zn content in CuFe2O4 may be ascribed  
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Figure 5.11: Temperature dependence of saturation magnetization MS(T) obtained from the isothermal magnetization 

curves (measured till H = 90 kOe) for the composition x = 0.4. The dotted line represents the linear extrapolation. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Isothermal magnetization (M−H) curves recorded at 2 K for different compositions (0 ≤ x ≤ 0.6) measured 

in the first quadrant (from 0 to 90 kOe) under ZFC condition. 

 

due to the increase of divalent Fe fraction at the B site and a significant increase in the canting angle 

(triangular Yafet−Kittle angle) between the magnetic ions [321]. But beyond 40 atomic %, it decreases due 

to competing exchange interaction among the canted spin arrangements on the B site [310]. This variation is 

in well agreement with the variation of exchange constants with composition. 

Interestingly, the compositional dependence of anisotropy field HK(x) and cubic anisotropy constant 

K1(x) exhibits very higher magnitudes ~ 1.6 × 106 erg/cc and 5.5 kOe, respectively, for xc (at T = 2 K), but 

falls beyond it, which is in consonance with the compositional variations of MS and μeff. Following a tiny  
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Figure 5.13: (a) Composition dependence of the saturation magnetization MS(x) for T = 2 K and 300 K, and (b) cubic 

anisotropy constant K1(x) (L.H.S.) and the anisotropy field HK(x) for T = 2 K (R.H.S.). 

 

deviated approach in calculating b (in equation (5.2)) for tetragonal systems, the obtained results are 

consistent with the fact that any change in the crystal structure (from tetragonal to cubic crossover in the 

present case) is accompanied by a large change in the magneto-crystalline anisotropy of the system [322,323]. 

Similar trend has been observed in the case of Zn diluted CuFe2O4 thin films and other Zn diluted systems 

[310,324-326]. It is well known that in cubic crystals, the higher order anisotropy constants are negligible 

because of the crystal-symmetry, in turn, leading to a smaller value of anisotropy energy and hence anisotropy 

constant as compared to the lower symmetry-crystals such as tetragonal structure, which is clearly reflected 

in our measurements across xp. The compositional variations of K1 and HK in the present case are in line with 

that of μeff and MS. The high value of K1 in the vicinity of xc can be attributed to the most stable canted spin 

configuration of the system. 

 

5.4. Summary: 

In this section we provide salient features of the important results presented in this chapter on the 

Cu1−xZnxFe2O4 (0 ≤ x ≤ 0.6) system. The electronic structure probed by the x-ray photoelectron spectroscopy 

reveals the divalent oxidation state of both Cu and Zn in which the 2p orbitals exhibit doublet corresponding 

to 2p3/2 and 2p1/2 with spin-orbit splitting Δ ~ 19.91 eV and 23.06 eV, respectively, whereas the core level 

spectrum of Fe-2p exhibits Δ ~ 9 eV and 12 eV corresponding to the doublet 2p3/2 and 2p1/2 of divalent and 

trivalent Fe, respectively. The crystal structure analysis provides evidence for morphotropic phase boundary 
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between the compositions x = 0.05 and 0.10 across which the crystal structure changes from the tetragonal 

(I41/amd) to cubic (Fd−3m) phase. This structural change leads to a step change in the bond angle (A-O-A 

and A-O-B) and slight change in the bond length (A-O). Nonetheless, under the dilute limit (x ≤ 0.05), the 

investigated system stabilizes in next lower symmetry space group I41/amd and influences the magnetic 

exchange interactions significantly. Detailed temperature and field dependence of magnetization studies 

reveal that all the compositions orders ferrimagnetically and undergoes transition at low temperatures, which 

smears-off as the Zn concentration increases. Ferrimagnetic ordering temperature decays quadratically (TFiM 

= y0 + b1 x + b2 x2) with increasing composition. On the contrary, μeff and MS increase from 3.59 μB/f.u. (x = 

0) to 5.15 μB/f.u. (x = 0.4) and 1.64 μB/f.u. (x = 0) to 4.73 μB/f.u. (x = 0.4), respectively. Furthermore, 

magnetization results demonstrate that the ferromagnetic exchange interaction, JAB, between Jahn−Teller 

active Cu and Fe is dominant for lower and intermediate compositions as compared to JAA and JBB, whereas 

for higher compositions, JAB becomes negative, implying the onset of strong antiferromagnetic correlations 

at B sites. On the basis of the evidence gathered from XPS and magnetization data, we conclude that the 

system exhibits the following complex mixed spinel cationic distribution: 

(Cu(1−x)/5ZnxFe4(1−x)/5)A[Cu4(1−x)/5Fe2−4(1−x)/5]BO4. Using the low temperature M−H isotherms and the law of 

approach to saturation, we have estimated the cubic anisotropic constant (K1) and anisotropy field (HK) in 

which the structural change from tetragonal to cubic is accompanied by a large change in the magneto-

crystalline anisotropy. Both the parameters K1(x) and HK(x) exhibit decreasing trend with anomalous change 

across the critical composition xc = 0.4 (K1 ~ 8.2 × 105 erg/cc (x = 0) to 1.6 × 106 erg/cc (x = 0.4), and HK ~ 

7.9 kOe (x = 0) to 5.5 kOe (x = 0.4)). For a particular composition, the temperature variation (2 K ≤ T ≤ 300 

K) of these parameters, K1(T) and HK(T) show a continuously decreasing trend until 250 K and starts 

increasing beyond this point. 
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Chapter 6 

Dynamical Electron Hopping and Dipole Relaxation in Cu-ZnFe2O4 

 

This chapter presents to us the dielectric studies concerning to the series of systems considered for 

exploration in Chapter 5. The initial section describes the introductory ideas, aims and objectives behind this 

work. Next it presents a brief description on the experimental part in line with the previous chapter. Later 

sections deal with a comprehensive analysis of the dielectric/impedance characterization parameters. 

Interestingly, the interpretation presented in these sections could establish a strong interlinkage between the 

important conclusions derived here with its magnetic counterpart (Chapter 5). 

 

6.1. Introduction, Motivation and Objectives: 

Spinel (AB2O4) compounds whose crystal symmetry departs from the cubic to other Bravais lattices due 

to the Jahn−Teller (JT) distortion in the AO4 tetrahedron have gained considerable interest because of their 

remarkable magnetic properties [302,327,328]. Novel magnetic phenomena such as multiferroic, exchange-

bias, low-T spin liquid ground states, re-entrant glassy behavior driven by geometric/orbital magnetic 

frustration and spontaneous dimerization are some of the key features that are observed in systems having JT 

active elements [147,302,329]. Spinels such as Mn3O4, CuFe2O4, NiCr2O4, CuCr2O4 and ZnMn2O4 exhibit 

distortion in the crystal structure as a consequence of JT effect [267,327,330-332]. Tuning such structural 

distortion by site specific substitution with either magnetic or nonmagnetic elements in the spinel lattice is a 

well-known strategy to probe the cooperative phenomena like orbital, charge, spin, and lattice degrees of 

freedom in strongly correlated electron systems [267,309,333-335]. Among the above mentioned systems, 

CuFe2O4 (CFO) widely known as cuprospinel or copper ferrite is a well-studied compound due to its unique 

change in the crystal structure from the high-temperature cubic phase (8.392 Å [291]) to the low-temperature 

tetragonal phase (a ~ 8.243 Å and c ~ 8.699 Å [2]) along with its ferrimagnetic Néel temperature (TFiM) 

variation (between 710 and 780 K) and semiconducting behavior [278,336]. Owing to such unique properties, 

CFO in its bulk form as well as in the form of nanostructures have evolved as a promising material for 

numerous applications in various sectors such as gas sensors [282], catalysts [284], microwave devices [286], 

magneto-electronics [288], hydrogen production [287], and spintronics [328]. A recent study by Alghamdi 

et al. revealed that Cu1−xZnxFe2O4 ferrite systems can be utilized as prospective material in temperature 

sensors for magnetic resonance imaging thermometry [337]. On the other hand, the end compound (x = 1) 

i.e. franklinite ZnFe2O4 (ZFO) is also an equally promising candidate like the CFO system except that it 

exhibits low temperature antiferromagnetic (AFM) properties with Néel temperature TN ~ 10 K. Moreover, 

ZFO displays cubic pyrochlore structure in which amendment of cations on both A and B sites form corner 

sharing tetahedra and suitable dilutions in ZFO largely affect the B−B super-exchange interactions [2,338]. 

However, the physical properties of Zn substituted CFO in the form of either single crystals or 

polycrystalline bulk grain size systems are seldom noticed in the literature, rather most of the work is 
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concentrated on the nanostructures and thin films of these oxides [292,310,339,340]. Among the little 

available literature on bulk Cu1−xZnxFe2O4 systems, the frequency dependent dielectric dispersion study by 

Verma et al. reveals that Zn and Mg dispersion in CFO shows cubic crystal structure at room temperature 

with their dielectric spectroscopy studies revealing an anomaly across 493 K [267]. These authors reported 

two different regimes (high frequency regime and low frequency regime) in which the ac conductivity follows 

linear behavior linked with the Jonscher’s power law (JPL) of hopping of localized charged states. Another 

report on the Cu-Zn mixed solid solutions by Ravinder reported that the carrier mobility (μ) and concentration 

(n) obtained from the thermoelectric power measurements can be tuned from μ = 1.19 × 10−8 cm2 V−1s−1 (n 

= 28.3 × 1022 cm−3) to 3 × 10−8 cm2 V−1s−1 (n = 8.8 × 1022 cm−3) with Zn substitution at both the end 

concentrations x = 0 and 1 in Cu1−xZnxFe2O4 [341]. Interestingly, these two parameters (μ(T) and n(T)) show 

very clear anomaly across the ferrimagnetic ordering temperature of CFO. Similar anomalies are reported in 

case of temperature dependence of initial permeability (μ′(T)) studies in the solid solutions of Cu1−xZnxFe2O4 

ferrites along with the Hopkinson type variation across TFiM [342]. Despite such numerous reports available 

on the Cu1−xZnxFe2O4 system, a detailed dielectric relaxation studies, temperature dependence of ac 

conductivity and modulus spectroscopy over a wide temperature interval is still missing in the literature. 

Such gaps will be filled in this current work. In the present comprehensive dielectric spectroscopy study we 

focus on the changes occurring in dynamical ac conductivity driven by grain and grain boundary relaxations 

along with a systematic correlation with the magnetic ordering and structural phase transitions for different 

compositions of Cu1−xZnxFe2O4. 

 

6.2. Materials and Methodology: 

In line with the experimental procedure described in Chapter 5, bulk samples of Cu1−xZnxFe2O4 (0 ≤ x ≤ 

0.6) were prepared through standard solid state reaction route using the precursors zinc oxide (ZnO), copper 

oxide (CuO) and ferric oxide (Fe2O3) powders. Stoichiometric proportions of these powders were mixed by 

means of a FRITSCH based ball-milling machine (with zirconia jar) using ethanol as milling medium for 10 

h at 150 rpm speed. The solution was dried, calcined, pelletized, re-grinded and sintered between the 

temperatures 900 °C and 1050 °C, for lower and intermediate Zn compositions, respectively. The detailed 

synthesis procedure has been reported elsewhere [2]. The electronic structure and elemental analysis was 

carried out by x-ray photoelectron spectroscopy (XPS) measurements from Thermo Fisher Scientific 

ESCALAB 250Xi. A detailed analysis of XPS data and crystal structure particulars (obtained from Rigaku 

x-ray (Cu-Kα) diffractometer, Model-TTRAX III) are reported previously [2]. Our analysis reveals divalent 

nature of the Zn and Cu along with the signatures of mixed-valent Fe states (2+ and 3+) for all compositions. 

The crystal structure remains mostly cubic except for x ≤ 0.05 where tetragonal crystal structure is stable. 

The liquid nitrogen based low-temperature (from 77 to 320 K) dielectric spectroscopy measurements were 

performed using the impedance analyzer from Wayne-Kerr Electronics Pvt. Ltd. (model 1J6530B) which is 

capable of reaching frequencies up to 20 MHz from 20 Hz with a 1 V ac peak-to-peak amplitude. Whereas, 

for the high temperature (from 323 to 823 K) dielectric measurements we used Solartron (Model SI1260A) 
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impedance analyzer which is capable of reaching frequencies from 10 μHz to 30 MHz with the 100 mV ac 

peak-to-peak amplitude of the electric field with ±40 V DC bias voltage capability. For these measurements 

silver electrodes are deposited on either side of the cylindrical pellet to form a parallel-plate capacitor 

geometry which is a perfect electrode configuration to measure the dielectric measurements. 

 

6.3. Results and Discussion: 

6.3.1. Dielectric Relaxation: 

First we discuss the low-temperature dependence of the relative dielectric permittivity ϵR and Loss 

tangent (tan δ) at several frequencies (figure 6.1) for a specific composition xc = 0.4 of bulk polycrystals of 

Cu1−xZnxFe2O4 (this critical composition (xc) has been chosen since, across xc, the Cu1−xZnxFe2O4 system 

incline towards the dominant AFM ordering from the ferrimagnetic side as reported earlier) [2]. The insets 

of figures 6.1(a) and 6.1(b) represent the corresponding frequency dependencies at temperatures between 77 

and 320 K. Our system shows a relatively high magnitude of ϵR (~ 1935) with moderate losses (tan δ ~ 1.3) 

at room temperature in the intermediate frequency range 1−5 kHz reflecting the higher polarizability of the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Temperature dependence of the relative dielectric permittivity ϵR obtained at several frequencies from 20 

Hz to 1 MHz (figure (a)) and loss tangent (tan δ) from 2 kHz to 1 MHz (figure (b)) for the composition xc = 0.4. The 

insets show the corresponding frequency dependencies at temperatures between 77 K and 320 K. 
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system. These values are considerably higher than the previously reported values for both the two end 

compounds CFO (ϵR ~ 856) and ZFO (ϵR ~ 100) at 300 K and for f = 5 kHz [267,343,344]. Further, higher 

values of ϵR (> 4 × 103) are noticed with lowering of frequency up to f = 20 Hz with significant loss in the 

system as is expected in case of ferrites due to the interfacial and dipolar polarizations which are highly 

temperature dependent [345-347]. Nevertheless, at higher measurement temperatures (323 K ≤ T ≤ 823 K) 

and high frequencies (which will be discussed later) further higher magnitudes of ϵR is noticed which might 

be due to the evaporation of Zn2+ ion that escape from the lattice by acquiring thermal energy and resulting 

in oxygen vacancies followed by the formation of Fe2+ ions [267,348]. This scenario is obvious in the present 

system as evident from the XPS spectra where the signatures of divalent Fe are obtained which is in-line with 

the previous study [2]. It is interesting to note that a broad hump noticed between 200 and 230 K at low-

frequencies shift to the higher temperature side with drastic decrease in its magnitude at higher measuring 

frequencies which is consistent with the temperature dependent loss tangent (tan δ) clearly revealing the 

presence of dielectric relaxation (figure 6.1(b)). As the oscillating dipoles are directly coupled to the applied 

external oscillating field one can expect maximum absorption of the energy and reaching a peak maximum  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Variation of the measured relative dielectric permittivity ϵR (a) with temperature at frequencies between 1 

kHz and 20 MHz and (b) with frequency at various temperatures between 323K and 823K, for xc. 
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in tan δ. The low frequency dispersion of loss-tangent also represents heat dissipation caused by the domain 

wall motion, since it follows the applied electric field [349]. 

Considering the conduction process to be a result of hopping of charge carriers, the dielectric relaxation 

takes place when the hopping frequency of the charge carriers becomes roughly equivalent to that of the 

frequency of the externally applied electric field. In the present case one can clearly notice the shift of peak 

in tan δ towards the higher temperature side due to thermal activation of such hopping charge carriers (mostly 

dipolar kind) resulting in increase of the hopping rate which is usually noticed in most of the ferrites in bulk 

form [267,345]. Here one cannot rule out the influence of interfacial loss and the loss from grain boundary 

conductivity at lower frequencies, yet at higher frequencies these losses are negligible resulting in drastic 

falloff of ϵR [350-352]. The frequency dependencies of dielectric permittivity (ϵR(T, f)) and loss tangent (tan 

δ(T, f)) for various temperatures between 77 and 320 K are shown in the insets of figures 6.1(a) and 6.1(b). 

The decrease of ϵR(T, f) with increasing frequency can be explained by the well-known Koop’s 

phenomenological theory, which assumes that the dielectric is a Maxwell−Wagner inhomogeneous type 

medium consisting of conducting grains separated by highly resistive grain boundaries (in later sections we 

provide further evidence for higher grain boundary resistance than that of grain using the analysis based on 

Nyquist plots) [352-354]. The inset of figure 6.1(b) contains the dispersion in tan δ at several temperatures 

representing distinct relaxation process occurring in the system. Here the peak frequencies (ωp) denote the 

dipolar relaxation frequencies whose temperature dependence is given by the below relation (equation (6.1)) 

through which one can probe the activation energy of the dipoles:   

𝜔p = 𝜔0 𝑒𝑥𝑝 (
─𝐸D

𝑘B𝑇
)                                                                       (6.1) 

 
In the above equation ω0 is the pre-exponential factor, ED is the activation energy, kB is the Boltzmann’s 

constant and T is the temperature [355]. From the slope of logarithmic plots of Ln ωp versus 1/T we obtained 

ED = 264 meV. Following the Verwey and de-Boer electronic conduction mechanism in the ferrites, the peak 

in loss tangent can occur when the hopping frequency of electrons between Fe2+ and Fe3+ is equivalent to the 

frequency of applied electric field (i.e. the resonance condition ωτ = 1 is satisfied) [356-358]. We believe 

that the same state of charge transfer mechanism may arise in the present case at low temperatures. 

On the other hand, the high temperature (323 K ≤ T ≤ 823 K) behavior of ϵR(f, T) is quite unique which 

shows (figure 6.2(a)) a plateau region over a wide temperature range at high frequencies (5 to 20 MHz). 

However, ϵR(f, T) displays a uniformly increasing trend for all the frequencies below 5 MHz with increasing 

the temperature, the magnitude of ϵR is as high as 56.8 × 106 at 800 K for f = 1 kHz. While the frequency 

dependence of ϵR exhibits decreasing trend almost linearly (6500 for 5 MHz) with increasing the frequency 

as shown in figure 6.2(b). These magnitudes are much higher than those found for bulk CFO (ϵR ~ 450 at 500 

K) prepared via chemical co-precipitation route [267]. Recent studies reported ϵR ~ 2500 at 673 K in case of 

bulk ZFO system synthesized by solid state reaction method which is the end compound in present case 

whose ϵR values are larger in comparison to the literature data [343]. 
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Figure 6.3: Temperature variation of ac resistivity (a) in the low temperature region 77 K ≤ T ≤ 320 K and (b) in the 

high temperature region 323 K ≤ T ≤ 823 K. The main panels show the data obtained for f ≤ 1 kHz and the insets show 

the same for f ≥ 1 kHz for the composition xc. 

 

 

6.3.2. Arrhenius and Variable Range Hopping Conduction: 

In order to precisely understand the ac conductivity mechanism a detailed analysis of the temperature 

dependence of ac resistivity (ρac(f, T)) is presented below. The main panels in figures 6.3(a) and 6.3(b) show 

the variation of ρac(f, T) for two different temperature regimes from 77 to 320 K and 323 to 823 K, respectively 

measured between f = 20 Hz and 1 kHz. Whereas, the insets of figures 6.3(a) and 6.3(b) shows the variation 

of ρac(f, T) measured at high frequencies above 1 kHz up to MHz range. At low temperatures ρac(f, T) exhibits 

cusp like behavior for all frequencies in which the peak maximum of ρac (TM = 208 K, for f = 1 kHz) shifts 

systematically towards the higher temperature side (TM = 350 K, for f = 1 MHz) which is associated with the 

transition noticed in the temperature dependence of magnetization (figure 6.4). It is interesting to note that at 

higher temperatures all the ρac(f, T) merged into one single curve (dotted lines in figure 6.3(b)) across the 

ferrimagnetic Néel temperature, TFiM (= 534.3 K) [2]. 

Generally, depending on the available sites in a crystal structure different kinds of jump lengths are  

80 120 160 200 240 280 320

10
4

10
5

10
6

320 400 480 560 640 720 800
10

-1

10
0

10
1

10
2

10
3

10
4

 

 


ac
 ( 

f 
, 
T

) 
(

 m
)

(b)

T (K)

20 Hz

1 kHz

(a) 1 kHz

1 MHz

1 kHz

5.5 MHz

T
M

 

 

1 kHz

100 Hz

T (K)

100 150 200 250 300

10
2

10
4

 

 

320 400 480 560 640 720 800
10

-1

10
1

10
3

T
FiM

TH-3139_186121027



Chapter 6 | Dynamical Electron Hopping and Dipole Relaxation in Cu-ZnFe2O4 

109 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Temperature variation of the dc magnetic susceptibility χ(T) measured at a constant magnetic field H = 500 

Oe under zero-field-cooled ZFC (blue) and field-cooled FC (red) conditions for xc = 0.4. TM represents the transition 

temperature due to change in the magnetic ordering. 

 

categorized based on the potential barriers and reorientational arrangements of the ions which leads to 

different frequency as well as temperature dependence of conductivity (σac). Thus in order to study the 

underlying hopping mechanism, we first verified the Arrhenius relation given below because this mechanism 

provides at least one or two very well-defined activation energies that belong to the causal hopping processes 

which are normally preserved over wide range of frequencies [359]. 

𝜎ac𝑇 = 𝜎0 𝑒𝑥𝑝 (
─𝐸A

𝑘B𝑇
)                                                                       (6.2) 

 
The slope and intercept of the plots of Ln σacT vs. 1000/T for the high temperature (425−500 K) regions yields 

the magnitudes of pre-exponential term σ0 ~ 7.976 × 107 K Ω−1m−1 and 4.338 × 106 K Ω−1m−1 for f = 1 kHz 

and 5 MHz, respectively, and the activation energy of conduction electrons EA ~ 656 and 495 meV for f = 1 

kHz and 5 MHz, respectively. But for the low temperature (250−300 K) region the experimental conductivity 

data deviates from the fitting line indicating the existence of different conduction mechanism. Therefore, we 

used the variable-range hopping (VRH) conduction mechanism to describe the temperature dependence of 

conductivity by means of the equation given below [360-363]. 

𝜌ac(𝑇) = 𝜌0 𝑒𝑥𝑝 (
𝑇0

𝑇
)

𝑛
                                                                        (6.3) 

 
Here, the parameter ρ0 is the pre-exponent factor, ‘n’ is the exponent and T0 is the characteristic temperature 

coefficient (usually the magnitude of n decides the nature of the hopping process; if it is equal to −1/4 then 

the conduction process occurs through the Mott’s VRH mechanism). These parameters were extracted from 

the intercepts and slopes of the logarithmic variation of ρac versus T−1/4 plots as shown in figure 6.5 where the 

red solid lines represent the linear fits (of equation (6.3)) to the experimental data points (scattered circles).  
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Figure 6.5: Logarithmic variation of ρac with temperature [Ln ρac vs. T−1/4] of xc for some selected frequencies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Variation of double logarithmic function of ρac /ρ0 with Ln T for some selected frequencies f1 = 20 Hz, f2 = 

200 Hz, f3 = 500 Hz, f4 = 1 kHz, f5 = 2.5 kHz, f6 = 5 kHz, f7 = 10 kHz, f8 = 30 kHz and f9 = 50 kHz, for xc. 

 

In order to confirm this, we used the ρ0 values obtained from figure 6.5 and plotted the double logarithm plots 

of (ρac/ρ0) as a function of Ln T for several frequencies (shown in figure 6.6). Consequently, the magnitude 

of the slopes obtained from the above graphs were found to be ~ −0.25, affirming the validity of equation 

(6.3) and thus providing substantial evidence to Mott’s VRH mechanism of charge transport in the 

investigated system in the low temperature regime. Usually, this model is widely adopted to describe the 
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conductivity in strongly disordered systems where the charge-carriers are tightly localized. Nevertheless, in 

high entropy spinel oxides the occurrence of VRH at higher temperatures is quite possible when the ionization 

energy of the substituent element is high enough to substantiate such type of conductivity. Yet, in the present 

case, for temperatures beyond TM we have calculated the hopping energy of activation from the modified 

temperature dependence of ac conductivity relation is:  

𝜎ac = 𝜎0 𝑒𝑥𝑝 [−𝐵/(𝑇1/4)]                                                                        (6.4) 

 
In the above equation B = 4EA−VRH /(kBT3/4) and EA−VRH is the hopping activation energy [364,365]. From 

the mathematical fits of the experimental data to the above expression we have evaluated the activation 

energies of hopping of charge carriers at a specific temperature within the grains (EG) and grain boundaries 

(EGB) (as shown in the figure 6.7). Here, the increasing slope regions of the two semi-circles in Nyquist plot 

(discussed later) provides us the selected frequency values to calculate the equivalent activation energies. 

Figure 6.7 shows the frequency variation of the magnitudes of EGB and EG (at 300 K) which increases 

progressively following a quadratic variation (y0 + b1 f + b2 f 2) with increasing f. The corresponding 

parameters being y0 (= 119.3 meV) and constants b1 (= 1.43 × 10−5) and b2 (= −3 × 10−9) for the grain 

boundary case and y0 (= 38.2 meV), b1 (= 7.55 × 10−8) and b2 (= −9.5 × 10−14) for that of the grain counterpart. 

At room temperature the average activation energies are found to be EGB = 131.1 meV and EG = 52.2 meV 

for xc = 0.4, suggesting the highly resistive nature of the former than the latter. Moreover, the temperature 

variation of activation energy EA−VRH (corresponding to the Grain contribution) at 1 kHz frequency is depicted 

in the inset of figure 6.7 which varies linearly with temperature from 114.6 meV (T = 250 K) to 131 meV (T  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Activation energies for grain boundary (EGB) and grain (EG) obtained for the corresponding frequencies at 

T = 300K for the composition xc. The inset shows the variation of EA−VRH with temperature at 1 kHz. 
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= 300 K). Similar trend of EA−VRH has been reported by Zheng et al. on the spinel Ni0.5Zn0.5Fe2O4 

magnetoceramic system in which the localized polarons, LPs (originating from intrinsic oxygen = 300 K). 

Similar trend of EA−VRH has been reported by Zheng et al. on the spinel Ni0.5Zn0.5Fe2O4 vacancy) dominate 

the overall conductivity of the system; such LPs are responsible for the VRH hopping in this system. For all 

the temperatures below 235 K till 130 K, the LPs get frozen which are usually active at temperatures above 

235 K [365]. However, in our case the presence of small and large polarons (for x = 0, 0.05) and reorientation 

of localized electrons (for x ≥ xc) play major roles for the conduction process (this aspect is discussed in later 

sections). 

Compounds with lower and intermediate compositions (where tetragonal distorted systems of space 

group I41/amd are expected to be more) show less average activation energies (figure 6.13) as compared to 

the systems with cubic-spinel symmetry (Fd−3m) which saturates at 130 meV for higher compositions (0.1 

≤ x ≤ 0.6). These results are in consonance with the magnetization data reported previously in these systems 

[2]; for example, the parameters such as effective magnetic moment μeff, anisotropy field (HK) and anisotropy 

constant (K1) shows similar trend as that of dielectric data with increasing the composition. 

 

6.3.3. Concept of Polaron: 

On the other hand, the frequency dependence of ac conductivity σac(T, f) for Cu0.6Zn0.4Fe2O4 system are 

shown in figure 6.8(a) (between 77 and 320 K) and figure 6.8(b) (between 323 and 823 K). These plots 

exhibit two frequency-independent plateaus at low and mid-frequency regions with a clear discontinuity 

between these regions achieving higher conductivity in the high frequency dispersion region for 150 K < T 

≤ 423 K. The plateau regions completely disappeared and a single frequency independent plateau appears 

throughout the complete frequency range for T ≥ 523 K. The origin of frequency dependence of conductivity 

lies in the relaxation phenomena arising due to the mobile charge carriers. Generally, at low frequencies, 

there exists a frequency independent plateau region (dc conductivity σdc); the charge conduction process 

occurs through inestimable paths of long-range translational motion of the charge carriers. Such behavior is 

explained on the basis of Funke’s jump relaxation model [366,367]. According to this model, the electrons 

undergo successful hopping to their neighboring vacant sites at low frequencies (with long time period) and 

lead to the long-range translational motion of charge carriers which contributes to the dc conductivity [367]. 

While the frequency dependent behavior of conductivity is explained on the basis of JPL which is given by:  

𝜎ac(𝜔) = 𝜎dc + 𝐴𝜔𝑠                                                                         (6.5) 

 
where ω (= 2πf) represents the angular frequency, σdc is the frequency independent part of the conductivity. 

The coefficient A and exponent s are temperature and material intrinsic property dependent constants [368-

369]. It is well known that the term Aωs characterizes all the dispersion phenomena derivable from the 

magnitude of exponent (s). Usually, the magnitude of ‘s’ lies any value between zero and unity popularly 

known as universal dielectric response (UDR), yet examples for which s > 1 do exist [370]. From figure 6.8, 

it is clear that after the dc plateau region only one dispersion region appears at high frequencies. 
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Figure 6.8: Frequency dependence of ac conductivity of xc composition measured at different temperatures (a) from 77 

K to 320 K and (b) from 323 K to 823 K. The solid red lines are the fitting of the data to Jonscher’s Power Law. 

 

In order to probe the underlying conduction mechanism, we have fitted the σac(T, f) data to the equation 

(6.5). The experimental data points are represented by the scattered solid circles in figure 6.8(a) and by hollow 

circles in figure 6.8(b), while the solid red lines represent the best fit to the data using the equation (6.5). The 

temperature variation of the frequency exponent s for different levels of Zn dilution are shown in figure 6.9 

where, the hollow symbols representing the s(x, T) values are obtained from the JPL fits to the corresponding 

conductivity data. For the undoped and moderate substitution levels of Zn (x = 0.05), the magnitude of s lies 

between 0.6 and 0.8 and decreases progressively as the temperature increases from 150 to 320 K preceded 

by the increasing trend. These results are in good agreement with the non-overlapping small polaron 

tunneling (NSPT) mechanism followed by the correlated barrier hopping (CBH) of large polarons as well at 

higher temperatures [371-373]. Nonetheless for higher compositions (0.4 ≤ x ≤ 0.6), magnitude of s is mostly 

within the range 1 < s < 2 (follows Double Power Law), corresponding to localized/reorientational hopping 

motion of charge carriers [366,374]. Thus, the conduction in the Zn rich samples can be attributed to the back 

and forth electron hop between the localized states in permanent or induced dipoles present in the system.  
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Figure 6.9: Frequency exponent (s) values obtained from JPL fit at different temperatures. 

 

For xc, the magnitude of s increases initially from 1.16 (for T = 77 K) to a maximum value of 1.55 at peak 

temperature TS = 250 K, then decreases to 0.26 (T = 473 K) and becomes insignificant beyond 473 K. This 

behavior is in accordance with the analysis of Nyquist plots acquired at different temperatures. Similar trends 

are observed for all the compositions with shifting of TS to lower temperatures with decreasing x. For any 

particular (moderate) frequencies TS is associated with the short-range to long-range hopping of the charge 

carriers having diverse relaxation times with varied composition, such behavior matches well with the 

modulus plot (M′′ vs. f) results discussed below. 

 

6.3.4. Temperature Dependence of Complex Modulus Spectra: 

 To probe the exact capacitive dielectric relaxation process and contributions of space charge injection, 

electrode polarization and separating the local behavior of electrode effect we performed the complex 

dielectric modulus spectroscopy from the real (Z′) and imaginary (Z′′) parts of impedance (Z) using the 

relations M′ = ωC0Z′′ and M′′ = ωC0Z′ [375-380]. The frequency dependence of real and imaginary 

components of the modulus spectra (M′(T, f) and M′′(T, f)), for xc = 0.4 between 77 and 320 K are shown in 

figure 6.10. For all the temperatures, we noticed two broad humps indicating the presence of multiple 

dielectric relaxation processes. Moreover, a continuous dispersion has been noticed in M′ values with the 

increase of frequency and finally saturates at a maximum asymptotic value on approaching the high frequency 

regime (figure 6.10(a)). Such tendency of saturation suggests the short-range mobility of charge carriers and 

lack of the restoring force leading to low-mobility of charge carriers in the presence of an induced electric 

field [381]. Also, very small value of M′ in the low frequency range supports the argument that the conduction 

phenomena is due to long-range mobility of charge carriers with negligible electrode polarization 

contribution [382]. These observations are supported by the M′′(T, f) plots as well, as shown in figure 6.10(b)  
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Figure 6.10: Variation of (a) real part and (b) imaginary part of modulus spectra with frequency measured at 

temperatures between 77 K and 320 K for xc = 0.4. 

 

which comprises of two types of relaxation processes ascribed to the grain boundary and grain contributions 

(low frequency peak is attributed to the grain boundary relaxation). 

Following the below expression (equation (6.6) involving the Laplace transformation of the complexelectric 

modulus (M*), we analyzed the frequency dependence of M′′ data as given below. 

𝑀∗ =  𝑀∞ [1 − ∫ 𝑒−𝑗𝑓𝑡  (
𝑑𝜑

𝑑𝑡
)

∞

0
𝑑𝑡]                                                         (6.6) 

 
In the above equation (6.6), M∞ (= ϵ∞

−1) is the inverse of the high frequency asymptotic value of the real part 

of dielectric permittivity, ϵ∞, while the relaxation function φ(t) provides information related to the time 

evolution of the electric field (E) within the compound [383,384]. It is clear that the asymmetric nature of 

the plots in figure 6.10(b) provide signatures of non-exponential behavior of the electrical modulus described 

by a non-exponential decay function and the parameter β representing the Kohlrausch−Williams−Watts 

(KWW) parameter which is expressed as [385,386]:  
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𝜑(𝑡) =  𝑒𝑥𝑝 [− (
𝑡

𝜏0
)

𝛽
]                                                         (6.7) 

 
where τ0 is the characteristic relaxation time. Usually, the stretched exponential parameter decreases with 

upsurge in the relaxation time distribution [387]. In the above relation, β lies in the range 0 < β < 1 and it 

characterizes the degree of departure from the linearity (as β approaches unity the system exhibits Debye 

relaxation). Whereas, β → 0 relates to the extent of interaction between the ions that takes place in the system. 

Following to the modified analysis of KWW function by Bergman we performed the mathematical fitting 

approach which allowed direct assessment of modulus plots in the frequency domain as follows [387]:  

𝑀′′(𝑓) =  
𝑀′′

𝑚𝑎𝑥

[(1−𝛽)+(𝛽/(1+𝛽)) [𝛽(
𝑓𝑚𝑎𝑥

𝑓
)+( 

𝑓

𝑓𝑚𝑎𝑥
)

𝛽
]]

                                            (6.8) 

 
Here M′′max is the peak value in the imaginary part of M* with corresponding frequency fmax. The red solid 

lines in figure 6.10(b) represents the nonlinear fitting of the above equation with the experimentally obtained 

modulus data for the current investigated system. Table 6.1 shows the corresponding parameters extracted 

from the fitting. The values of β are found in between 0.65 and 0.92 suggesting that non-Debye type 

relaxation process prevails in this system (for all the measurement temperatures from 77 to 150 K). Moreover, 

the absolute value of M′′max increases with increase of the temperature (as shown in figure 6.10(b)) which is 

a common behavior, yet here in the present case the peaks shift to lower f side with increasing the 

measurement temperature from 77 to 150 K, but M′′max shift to higher f side for T > 150 K. Such anomalous 

change noticed in the low temperature regime is consistent with the conducting behavior inferred from the 

Nyquist plot in the same temperature range as discussed below. The frequencies below the M′′max corresponds 

to the range in which the charge carriers are mobile for long-distances mostly within the grain boundaries, 

whereas, the frequency range above the M′′max are linked to the localization of the charge carriers within a 

potential well of grains which undergo only short-range oscillations [388]. 

 

Table 6.1: The list of parameters obtained at several temperatures by fitting the modified KWW function [equation 

(6.8)] to the frequency dependent modulus (M′′) data. The parameter M′′max is the maximum value on imaginary modulus 

axis corresponding to the relaxation frequency (fmax), τ0 is the relaxation time, whereas, β is the stretched exponent. 

 

 

 

 

 

 

 

 

 

T (K) M′′max 

(10−3) 

fmax 

(Hz) 
𝜏0 β 

77 1 39 25.7 ms 0.92 

100 1.6 38 26.9 ms 0.84 

150 6.7 31 32.2 ms 0.65 

200 7.5 685 1.46 ms 0.72 

250 8.1 10742 93 µs 0.75 

300 8.4 122450 8.17 µs 0.76 

320 8.6 294429 3.4 µs 0.74 
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Figure 6.11: Nyquist plot of the composition xc measured at room temperature. The inset at the top-left-corner represents 

the equivalent electrical circuit (obtained from the Z−view software) best-fitting with the Z′′ vs. Z′ data points. Another 

inset (at the centre) shows the alternative representation of the main panel data as Z′ vs. Z′′/f. The symbols f1, f2, f3, fGB, 

and fG represents the frequencies 30 Hz, 900 Hz, 15 kHz, 300 Hz, and 90 kHz, respectively. 

 

 

6.3.5. Nyquist Plot Analysis and Activation Energy: 

Figures 6.11 and 6.12 presents the Nyquist plots (also popularly known as Cole−Cole plots), at 300 K 

(and for different temperatures) for xc which shows three distinct semicircles with tails at the initial and 

terminal points indicative of overlapped semicircles. Usually, the smaller radius semicircle corresponds to 

the high frequency regions from the contribution of grains, while the higher radius semi-circles are of low 

frequency region due to the grain boundary contribution which are consistent with the brick-layer model for 

a polycrystalline sample [366]. The inset of the figure 6.11 represents Z′ versus Z′′/f of the data shown in the 

main panel. Using this illustration one can clearly distinguish four different linear dielectric responses 

corresponding to the contacts, grain boundaries, and bulk grains contribution as indicated by segments 

marked by A, B, C, and D with the borderline frequencies f1 = 30 Hz, f2 = 900 Hz, f3 = 15 kHz [389,390]. 

Therefore, the linear region A represents the dielectric response from the contact, which contributes to the 

low-frequency tail of the Nyquist plot near the initial points in the main panel, indicating that the contact 

response can be neglected. The linear region B presents the dielectric response from the grain boundaries, 

which contributes to the main body of the Nyquist plot, indicating that the low frequency relaxation is a 

Maxwell−Wagner type of relaxation caused by grain boundaries. The remaining sections C and D are, 

therefore, arising from the bulk dielectric contributions [390,391]. This indicates that there are two bulk 

dielectric relaxations present in this sample. Since the peak frequency observed in the frequency dependence 

of tan δ lies between f2 and f3, one can conclude that the dipolar relaxation is prominent in bulk grains, 

whereas, the relaxation of grains belong to region D. Thus, in the main panel of the Nyquist plot shown in  
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Figure 6.12: (a)−(f) Nyquist plots for the composition xc = 0.4 at different temperatures from 120 K to 533 K. 

 

figure 6.11, the peak frequencies fG (= 90 kHz) and fGB (= 300 Hz) correspond to the grain and grain boundary 

relaxations, respectively which are in-line with the modulus plots. From the relation ωm = 1/RC; where R is 

the length of the semi-circle along Z′−axis, we have calculated the grain (grain boundary) capacitance and 

resistance to be 28.687 pF (1.83 nF) and 63 kΩ (301 kΩ), respectively, signifying the very high resistive 

nature of the grain boundaries. Besides, it can be observed that the centre of both the semicircles lie above 

the real axis (depressed semicircles), indicating non-Debye type dielectric relaxation [379]. 

It is well known fact that the Nyquist plots can be represented by an equivalent electrical circuit consisting 

of suitable combination of resistance and capacitance network depending on best fit of the model with the 

experimental data. In the equivalent circuit for polycrystalline Cu0.6Zn0.4Fe2O4 system (shown as the inset at 

top-left-corner of figure 6.11 as obtained from the Z−view software) one branch is the parallel RC connection 

related with the sample intrinsic characteristics like interior of the grains and the other branch of the circuit  
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Figure 6.13: Composition variation of EA−VRH for Cu1−xZnxFe2O4 at room temperature. 

 

corresponds to the interface/grain boundaries [379]. In the present case, one of the two resistive elements is 

connected with a constant phase element further confirming non-Debye type relaxation response. The 

absence of a third resistive element confirms negligible contribution from the electrode/contact. We have 

also performed a detailed temperature variation of Nyquist plots for xc as shown in the series of figures 

6.12(a)−6.12(f), it is interesting to see that for T < 170 K, the bigger semi-circle’s magnitude drastically 

decreases and completely vanishes at low temperatures inferring less resistive grain boundary contribution, 

but, for T > 473 K, the contribution from grain vanishes, henceforth this indicates the dominance of highly 

resistive grain boundary network. Upon further rise in the measurement temperature, the magnitude of 

relaxation time decreases continuously suggesting that the hopping is completely driven by thermal activation 

process. 

 

6.4. Summary: 

A detailed study on dielectric relaxation and ac conductivity of the bulk polycrystalline Cu1−xZnxFe2O4 

(0 ≤ x ≤ 0.6) systems has been conducted successfully over a wide temperature interval (77 to 823 K). Our 

results demonstrated that for a critical composition xc = 0.4, the system displays frequency dispersion in the 

relative dielectric permittivity ϵR(T, f) and exhibits giant magnitude of ϵR with activation energy ~ 264 meV 

of the dipolar relaxation process. For moderate frequencies at low temperatures, our results validate that the 

system exhibits VRH of charge carriers while thermally activated Arrhenius like behavior is prevalent at high 

temperatures. For xc = 0.4, EA = 656 meV (425−500 K) corresponding to Arrhenius like behavior, while 

EA−VRH = 114.6−131 meV (between 250 and 300 K). We also analyzed the dielectric data in the complex 

modulus formalism (M* (f, T)) in which two types of relaxation peaks are noticed corresponding to the short-

range oscillations of the charge carriers within the potential well of grains and long-range movement of 

charge carriers across the grain boundaries. The frequency dependence of ac conductivity of the investigated 
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system has been analyzed using the JPL relation: σac(ω) = σdc + Aωs. Based on the magnitudes of the 

frequency exponent ‘s’ we conclude that for x < xc, σac follows UDR whereas, for x ≥ xc, σac follows Jonscher’s 

Double Power Law at lower temperatures. From the temperature dependence of ‘s’, it is revealed that the σac 

for low compositions x < xc (≤ 0.05) follows small polaron tunnelling (NSPT) and CBH model involving 

large polarons. Whereas, for x ≥ xc the conduction takes place through reorientational hopping of electrons 

back and forth between the localized states, except for very high temperatures (T > 400 K) where thermally 

activated conduction of electrons succeed. 

The depressed semi-circles of the Nyquist plots and lower values of non-exponential parameter (β) from 

modified KWW function fits to modulus plots suggest the non-Debye relaxation process with a widespread 

distribution of relaxation times with temperatures. The frequency variation of the activation energies 

pertaining to the grain and grain boundaries EG(f) and EGB(f) follow a quadratic variation (y0 + b1 f + b2 f 2) 

with increasing frequency with y0 = 38.2 and 119.3 meV, respectively. At room temperature the average 

activation energies are EGB = 131.1 meV and EG = 52.2 meV for xc = 0.4, suggesting the highly resistive 

nature of the overall system. A detailed analysis of composition dependence of activation energy EA−VRH (x) 

reveals that the tetragonally (I41/amd) distorted systems (x ≤ 0.05) show less EA−VRH values as compared to 

those of cubic-spinel symmetry (Fd−3m) systems which saturates at 130 meV for 0.1 ≤ x ≤ 0.6. These results 

are in consonance with the temperature dependent magnetic susceptibility data reported previously on these 

systems. 
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Chapter 7 

Conclusions and Prospective of Future Work 

 

This chapter concludes the key outcomes of this thesis work and also paves way for the possible future 

aspects of this work. In this work we successfully synthesized different Zn-based spinel pyrochlore ferrite 

systems and investigated their magnetic properties relying on both the dc and ac measurements. Additional 

support to this study is provided by means of the neutron diffraction, heat capacity and impedance 

spectroscopy measurements. Below we summarize the important results presented in the different chapters. 

In the end we discuss about the future scopes that can be derived from this work. 

 

7.1. Conclusions: 

Based on the results obtained in Chapter 3 we conclude that the exact cationic distribution of the 

tetragonal spinel Zn0.8Cu0.2FeMnO4 to be (Zn0.8
2+Cu0.2

2+)A[Fe0.4
2+Fe0.6

3+Mn3+]BO4−δ. Analysis of the 

magnetization data (both dynamical susceptibility and dc magnetization), heat capacity Cp, and neutron 

diffraction measurements reveal a complex SR ordering without any LR ordering. For T > 250 K, the 

magnetic susceptibility data fits to the Curie−Weiss law which yields the Weiss temperature (θ) ≃ 185 K, 

signifying very high and dominant FM coupling with the exchange constant J/kB = 17 K. The high-spin states 

of Cu2+ (A site) and Fe2+ (B site), together with the trivalent B site ions Mn3+ and Fe3+ in their low-spin states, 

lead to the effective magnetic moment µeff = 5.13 µB. The saturation magnetization obtained from the M vs. 

H data at T = 2 K concludes the ground state spin arrangement: (Cu2+ ↓)A[Fe2+ ↑, Fe3+ ↓, Mn3+ ↑]B , which 

gives evidence that FM clusters interact antiferromagnetically at low temperatures. The typical scaling laws 

(VFL and PL) fit to the ac susceptibility data (χ'') confirm cluster SG state with an unresolved transition 

around 9 K. The Cp vs. T results obtained in the temperature range 2 K to 200 K for H = 0 and H = 90 kOe 

do not show any peak characteristic of LR ordering. However, for T < 9 K, Cp follows nearly linear variation 

with T 2 which is typical of SLs. These results are further in agreement with the neutron diffraction 

measurements obtained below 9 K and at room temperature. We introduced a new approach to investigate 

the SL state with the help of thermoremnanent magnetization studies which reveals weakening inter-cluster 

interaction with increase in temperature. 

Chapter 4 follows a different approach to introduce frustration in ZFO by diluting the magnetic 

interaction with incorporation of low moment ions (Cu2+ and Ru3+). The slow spin dynamics of cluster SG 

spinel Zn(Fe1−xRux)2O4 investigated in detail along with the effect of JT active spin=1/2, Cu2+ ions at B sites 

shows the absence of LR ordering. Measurements based on the dynamical ac susceptibility (χac (f, T)) and 

subsequent analysis using the empirical scaling laws reveal the presence of cluster SG state below TSG (17.77 

K (x = 0.5) and 14 K (x = 0.75)). Yet, the analysis of temperature dependent high-field dc susceptibility, χhf 

(2 kOe ≤ H ≤ 20 kOe, T) provides evidence for Gabay−Toulouse type mixed-phase (coexistence of SG and 

FiM) behavior. Further, in the case of Cu0.2Zn0.8FeRuO4 system, slowly fluctuating magnetic clusters persist 
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even above the short-range TFiM , and their volume fraction vanishes completely across ~ 6TFiM. Such feature 

corresponds to the dominant intra-sublattice FM interaction arising from the B site dilution with Cu2+ ions. 

However, the AFM coupling is predominant in ZnFeRuO4 and Cu0.2Zn0.8Fe0.5Ru1.5O4 systems. Detailed 

variation of the LR and SR phases mapped in the H−T plane is the key outcome of this work. 

 In Chapter 5, we executed a detailed study on the crystal structure, electronic and magnetic properties 

in Zn diluted cuprospinel for some selected compositions. The chemical composition determined from the 

XPS, XRD and magnetization results to be: (Cu(1−x)/5ZnxFe4(1−x)/5)A[Cu4(1−x)/5Fe2−4(1−x)/5]BO4. More importantly, 

a systematic variation of exchange interactions across the percolation limits is the major consequence of this 

work. Our analysis shows that the Cu doping plays a key role that alters the dominant interaction to FiM from 

AFM (as in ZFO). Upon complete substitution of Zn by Cu, the structural change (cubic to tetragonal) 

enhances magnetic anisotropy in the system simultaneously raising the TFiM drastically. A detailed field and 

temperature dependent analysis based on the saturation magnetization and anisotropy parameters (derived 

using the Law of Approach to Saturation) provide a better insight on the dominant coupling strengths. The 

system approaches AFM configuration beyond xc = 0.4 (i.e. JAB ~ −5.5 kB for x = 0.6) where it possesses 

very high anisotropy field HK ≥ 5.5 kOe with cubic anisotropy constant K1 ≥ 1.6 × 106 erg/cc for xc. 

Further, we extend our study to the dynamical response of localized electron hopping and dipole 

relaxation in bulk polycrystals of the Cu-ZnFe2O4 composites. Our analysis of ρac (T, f ) provide evidence of 

the Mott’s variable range hopping of charge transport between the localized states below room temperature, 

however, thermally-activated Arrhenius like behavior is noticed at high temperatures. The electric modulus 

spectroscopic studies (M*(f, T)) reveals two distinct types of relaxation phenomena: (i) the short-range 

oscillations of the charge carriers within the potential well of grains and (ii) the long-range movement of 

charge carriers across the grain boundaries, both of the Non-Debye type. The study based on the Jonscher’s 

power law reveals that the ac conductivity follows small-polaron tunneling followed by the correlated-

barrier-hopping mechanism for dilute Zn concentration (< 10 %). However, for x ≥ xc (40%) reorientational 

hopping mechanism is predominant, and for T > 400 K, the thermally activated Arrhenius-type conduction 

of charge carriers is prevalent in this spinel system. Interestingly, the lower symmetry tetragonal systems (x 

≤ 0.05) exhibit less activation energy values as compared to the cubic systems. Composition dependent 

tunability of the impedance parameters are in consonance with the magnetization counterpart discussed 

above. 

A schematic diagram of the important conclusions derived in this thesis work is given below (figure 7.1). 

 

7.2. Prospective of Future Work: 

Though the above results provide a comprehensive analysis specifically regarding the magnetic, heat 

capacity and electrical behavior on few Zn-based spinel ferrites, still we find possible extensions of this work 

as listed below. 

(i) We plan to study the phonon dynamics and optical properties of the bulk systems of Zn0.8Cu0.2FeMnO4 

and Zn0.8Cu0.2FeRuO4 at low temperatures which is expected to give clarity on the underlying spin-
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liquid and spin-glass states reported in the Chapters 3 and 4. 

(ii) One can also plan to carry out the Neutron diffraction measurements on the Cu1−xZnxFe2O4 series of 

systems to reveal on both the high and low temperature magnetic anisotropy, disorder and transitions. 

(iii) In correlation to Chapter 6, Magneto-Dielectric measurements on Cu-ZnFe2O4 systems is expected to 

reveal their applicability in magneto-electronic devices. 

(iv) We also plan to compare the results obtained in this thesis work with the characterizations performed 

on the nanostructures of the above discussed compounds to probe the probable size and surface effects. 

 

 

 

 
Figure 7.1: Schematic diagram of the important conclusions derived in this thesis work. 
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