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Synopsis

Magnetism and the related phenomena are of interest in the research community for

centuries owing to their fundamental as well as technological importance. Recently,

exchange bias (EB) effect has conceived a large attention as it is a quintessential aspect

of numerous spintronics devices [1–10]. Initially, EB was investigated in numerous

composites made of ferromagnetic(FM) and antiferromagnetic(AFM) materials [11, 12]

and then engineered into FM/AFM multilayers [8, 13].

Even though EB effect is assumed to be an interfacial phenomenon, it has been

observed in single phase materials such as spin-glasses, cluster-glasses, magnetically

phase separated systems, core-shell nanostructures, and in homogeneous rare earth

inter metallic compounds [14–16]. It is anticipated that in these materials also FM

and AFM magnetic orderings coexist within the single phase material and gives rise

to EB effect.

In the context of rare-earth intermetallic systems a sign change in EB is observed

across the magnetic compensation temperature (Tcomp), i.e., the temperature at which

magnetization reversal appears [17, 18]. The origin of the EB in these systems is quite

different from that of the bilayers, multilayers and composites. It is conjectured that

conduction electron polarization plays a significant role on the emergence of EB in

these compounds [17, 18].

Later, the sign reversal of both magnetization and EB field have been also ob-

served in core-shell type AFM nanoparticles [19] and few bulk single phase oxide

materials [20–22]. But the exact origin of sign change in EB effect is seems to be not

very clear. Hence, in this context, it is essential to explore new materials with similar

magnetic configurations to observe the wider validity of sign change of magnetization
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and EB across Tcomp.

CoCr2O4 shows fascinating temperature and magnetic field dependent magneto-

electric properties [23–26]. It is one of the rare materials that exhibits saturated

magnetization and electric polarization with small magnetic field. The complex local

magnetic ordering is believed to be responsible for the magnetoelectric coupling in this

compound [23, 24, 27]. It exhibits a collinear ferrimagnetic ordering at TC∼ 94−97 K

and then the magnetic ordering changes into a complex incommensurate conical spin-

spiral structure at TS∼ 24−27 K [28, 29]. This incommensurate conical spin-spiral or-

dering stabilizes down to the lock-in transition temperature(TL∼ 13−15 K), at which

it crosses over to a commensurate spin-spiral ordering [30]. The commensurate spin-

spiral phase is metastable and undergoes unconventional magnetostructural transitions

at high magnetic fields [31, 32]. This results in very rich magnetic phase diagram as

a function of temperature and field in this material [31, 32]. All these unique features

of this compound are the resultant of the weak geometric magnetic frustration (GMF)

which is very much sensitive to nearest neighbour superexchange interactions along

B−O−B and A−O−B pathways [28, 29, 33].

These interactions can be tuned with substituting different elements in the place of

existed elements. However, the systematic study of substitution effect is lacking in this

compound [34–36]. This thesis presents detailed study of how the magnetic properties

of CoCr2O4 get affected with substitution of different elements. We have chosen Fe+3,

Co+3 and Al+3 to substitute for Cr-site in CoCr2O4. Here Fe+3(3d5) possess larger

magnetic moment and larger ionic size compared to that of the Cr+3(3d3) ion. On

the other hand Co+3(3d6) and Al+3(3d0) consist zero moment, but the effect of d6

cation is different compared to d0 on the superexchange interactions via B−O−B and

A−O−B chains. We attempt to construct the magnetic phase diagram as a function

of different substituted elements.

For a few percent of Fe substitution, we have noticed the novel phenomena of

magnetization and EB reversals across Tcomp. These are bulk insulating samples, so

there is no possibility of presence of conduction electrons and as well as there is no
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signature of glassy behavior. We attempt to address the plausible underlying origin of

sign change of EB across Tcomp in these bulk samples. We know that the non-collinear

spin compound CoCr2O4 displays multiple spin-flop transitions in its temperature de-

pendent magnetic phase diagram. Hence, CoCr2O4, along with the different elements

substituted samples, Co(Cr1−xMx)2O4 (M = Fe+3, Co+3 and Al+3) are model systems

to explore the EB effect across the TS and TL. We observed noticeable EB effect

mainly below the lock-in transition TL.

Chapter 1 briefly introduces the basic aspects of magnetism, multiferroicity and

exchange bias effect. Crystal structure of spinels is discussed. It also consists the

discussion on various superexchange interactions which give rise to the magnetism

in the spinel systems. Influence of GMF on the magnetic properties of spinel com-

pounds is discussed. Various multiferroic properties of CoCr2O4 have been presented

to emphasize the importance of this compound. Detailed summary of exchange bias

phenomenon and its origin in different magnetic systems ranging from FM/AFM com-

posites and multilayers to single phase materials is provided. Finally, motivations to

undertake this work are also given.

Chapter 2 summarises various experimental tools and their working principles

used to carry out the present work. Sample synthesis techniques such as standard

solid state reaction method and sol-gel method are discussed. Powder x-ray diffrac-

tion (XRD) technique used for the structural characterization of the prepared samples

and Retveld refinement method by using FULL PROF utility software for the confir-

mation the phase purity of the sample have been discussed in a short note. Scanning

electron microscope (SEM) and energy dispersive analysis of X-rays (EDAX) used for

probing the microstructure and stoichiometry, respectively, are explained. Differential

scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) to shortly un-

derstand the sample formation mechanism are presented. Various other commercial

magnetometers such as Vibrating Sample Magnetometer (VSM) and Superconducting

quantum interference device (SQUID) magnetometer utilized to probe magnetic prop-

erties of the samples are also described. The working principle of Quantum Design

Physical Properties Measurement System (PPMS) used to measure the thermody-
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namic properties of the samples is portrayed.

Chapter 3 deals with the preparation, structural, temperature and magnetic field

dependent magnetization, EB effect and thermodynamic properties of Co(Cr1−xFex)2O4.

It is observed that the substituted Fe ions mainly occupy the octahedral site upto

x ∼ 0.11−0.125, thereafter it is distributed in both tetrahedral and octahedral sites.

For x =0.044−0.11 samples exhibit magnetization reversal below Tcomp under low ap-

plied fields. Field induced transitions are noticed across Tcomp for large applied field.

In the compensated stoichiometry the EB field change sign across Tcomp. We ascertain

the sign reversal of the exchange bias on the premise of the reorientation of the mag-

netic moments across the Tcomp. In addition, the identification of EB effect below TS

relates to the presence of non-collinear spin spirals, unveils the richness of physics in

the Co(Cr1−xFex)2O4 system. Detailed analysis of thermodynamic properties endorse

the understanding of the physical origin of the emergence of EB and the switching of

its sign across Tcomp and TS. Magnetic phase diagram at various levels of substituted

Fe concentration is constructed. Influence of metastability on the spin reorientation

transition across Tcomp is discussed in the form of a field-temperature(H-T ) phase

diagram.

Chapter 4 presents the studies obtained from the Co substituted CoCr2O4. Struc-

tural and magnetic properties of Co(Cr1−xCox)2O4 (x = 0.0−0.1) are discussed. In

contrast to the Fe substitution, the Co substitution enhances the magnetization. The

thermal hysteresis has been observed both across magnetostructural transition(TS)

and lock-in transition(TL). We observed the noticeable EB only below the lock-in

transition, TL. The value of coercivity also shows the dramatical increase below TL.

Detailed analysis of the magnetization data with the help of simple LKDM (Lyons,

Kaplan, Dwight and Menyuk) model showed that the GMF decreases with increasing

the Co concentration, resulting in the enhancement of total magnetization. The no-

ticeable EB only below TL is may be due to the reduction in the frustration in the

commensurate spin-spiral magnetic ordering below TL.

Chapter 5 is dedicated to describe the structural and magnetic properties of

Co(Cr1−xAlx)2O4 (x = 0.0−1.0). Compared to previous two works here the substi-
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tuted Al+3 is in 3d0 configuration with smaller ionic size. This series shows that the

magnetization increases enormously upto x = 0.5, shows kind of soft ferromagnetic

nature. Beyond x = 0.5, it decreases and high Al concentration samples exhibit AFM

behavior with weak glassy behavior observed from the magnetic relaxation measure-

ment. Further, magnetic phase diagram is constructed as a function of Al concentra-

tion. It is found that low Al concentration samples i.e up to x∼0.2 exhibit both the

long range ferrimagnetic and the spin-spiral phases. With increasing the Al concentra-

tion the volume of the ferrimagngetic phase increases upto x = 0.5 and then decreases.

Also seen that the while increasing the Al concentration gradually the non-collinear

spin-spiral phase becomes narrow and the weak glassy states started emerging due to

the diluted magnetic interactions and the ionic disorder in the pyrochlore Cr-lattice.

Chapter 6 is devoted for comprehensive summary of the over all work undertaken

in the present thesis.
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Chapter 1

Introduction

Magnetism and the related phenomena have received considerable interest for

centuries owing to their fundamental as well as technological importance [6, 37–43].

Interplay between the magnetism and other electric properties of systems is believed

to bring innovation in the future technology. This basic motivation opened up the

era of spintronics which take advantage of the electron spin degree of freedom in

addition to charge degree of freedom based on which the conventional semiconducting

electronic devices work. We know that the response of spin related properties are

much faster compared to the charge related properties. The discovery of intriguing

phenomena such as Giant magneto-resistance, Colossal magneto-resistance, etc. have

already proved to be valuable in constructing read/write heads and magnetic memory

devices [7, 44]. Exchange bias (EB) effect also plays very crucial role in the design

of spinelectronics or spintronics devices [6–8]. Functionalities of these devices can

be further enhanced with materials exhibiting more than one ferroic ordering. In a

ferroic material, the order parameter spontaneously appears below a characteristic

transition temperature and that can be switched by an external field. In this context,

multiferroics, in which magnetic and ferroelectric ordering coexist and in few cases

even they are exclusively coupled to each and, they are expected to be useful. The

current quest for strong multiferroic materials has triggered a surge of renewed interest
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1. Introduction

in the research community throughout the world. The strong magnetoelectric coupling

also finds large number of potential applications like magnetically tunable capacitor,

magnetic field sensors, non volatile multi bit data storage devices and transducers.

Multiferroic thin film layer can be useful in tunnelling magneoressistive device, and

spin valves in which the magneto-resistance can be also controlled by electric field. In

order to tailor materials for the technological applications it is essential to understand

their fundamental properties.

1.1 Basic aspects of magnetism

Magnetism is mostly related to the spin degrees of freedom of a material. Magnetic

compounds exhibit an ordered state below a characteristic temperature, known as

transition temperature TC or Curie temperature. The corresponding order parame-

ter is net magnetization, and is reversibly switchable with external magnetic field of

appropriate magnitude depending on the nature of the material. Mostly, the pres-

ence of localized electrons in the partially filled d-shell of transition metal or f-shell

of rare-earth ions are the fundamental building blocks of magnetism in the solid state

materials. The moments of adjacent elements interact via magnetic exchange interac-

tion. Domination of this exchange interaction energy between these localized moments

against the thermal energy leads to magnetic ordering at T≤TC . Depending on the

type of ordering of the magnetic moments, magnetic materials are classified as (i) Fer-

romagnetic(FM) (ii) Antiferromagnetic(AFM) and (iii) Ferrimagnetic(FIM). In FM

materials, moments align parallel to each other, even in the absence of external field

also they can exhibit spontaneous magnetization below the characteristic temperature

called as Curie point(TC). In AFM compounds, the neighbouring moments align an-

tiparallel to each other, such that the net magnetic moment is zero below the transition

temperature called as the Néel temperature, TN . FIM materials contain two magnetic

sub-lattices with different magnetic moments and they undergo parallel alignment of

2
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intra sub-lattice moments and antiparallel alignment of inter sub-lattice moments such

that there is a net magnetization similar to that of FM materials.

According to Weiss theory [45], the magnetic ordering is facilitated by an internal

molecular field which tends to align the moments parallel or antiparallel to each other.

Due to the strong internal field, magnetic compounds show spontaneous magnetic

moment below TC even in the absence of external field. According to Heisenberg

theory of magnetism [46], the magnetic exchange energy of a magnetic system can be

expressed as

E = −
∑

<i,j>

Jij
~Si· ~Sj (1.1)

here Si & Sj are the adjacent spins and the summation is over all the possible nearest

neighbours. Jij is exchange integral, the positive sign of Jij favours parallel or FM

arrangement while the negative sign prefers antiparallel or AFM arrangement between

the moments. Exchange integrals Jij are of two types (i) Direct (ii) Indirect. In transi-

tion metals, the outermost 3d electrons are delocalized, the strong overlap between the

wavefunctions of neighbouring ions (d-electrons) causes the direct exchange interaction

between the spins of these overlapping shells. In oxides and rare-earth metals, direct

overlap between the neighbouring d/f wavefunctions is not possible, and the moments

interact indirectly. Magnetic ions in oxides interact via non-magnetic oxygen ion, such

type of interaction is called as superexchange interaction. In rare-earth inter-metallic

compounds, the f-shell electrons are more localized to nucleus and are embedded in a

conduction electron sea. The spatial extent of 4f-orbital is small compared to that of

inter-ionic distance. Here, rare-earth ions interact via conduction electrons known as

indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction.

Above the ordering temperature(TC or TN ) the thermal energy dominates over the

magnetic exchange energy, moments lose their local magnetic ordering and transform

3
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into a disordered paramagnetic state. Hence most of the FM, AFM and FIM materials

exhibit a paramagnetic state above their ordering temperatures. Thus the ordering

temperature is dictated by the strength of magnetic exchange energy. The suscep-

tibility χ(T ) in the paramagnetic region materials can be analysed by Curie-Weiss

law,

χ(T ) =
C

(T −Θ)
(1.2)

In this expression, C = Nµ2
eff/3kB, Curie constant. Θ is the Curie-Weiss temper-

ature. Negative Θ indicates the AFM interactions and positive Θ indicates the FM

interactions between the local magnetic moments in the sample. By fitting the param-

agnetic susceptibility to the eq.1.2 one can estimate the experimental value of effective

paramagnetic magnetic moment µeff of the free ions. Theoretically effective para-

magnetic moment can be calculated in terms of Bohr magnetons using the relation

µeff = g
√

J(J + 1). Presence of strong crystal field in most of 3d transition metal

oxide compounds quenches the orbital moments (L = 0), results in J = S. Hence in

many compounds having 3d elements the experimentally observed values of µeff are in

better agreement with the theoretical values calculated from the spin only contribution

of the free magnetic moment. In heavier transition metals ions (4d and 5d series) the

situation is unclear as the heavier ions have a larger spin-orbit coupling strength. In

these materials, the strength of crystal field and the spin-orbit interaction are compa-

rable. In inter-metallic compounds the spin-orbit coupling is stronger than the crystal

field effect, and as a result there is no orbital quenching. Hence, the experimentally

observed values of µeff are in good agreement with the total moments due to both

spin and orbital contributions in rare-earth inter-metallic systems.

In spinel compounds the magnetic interaction occur among magnetic ions posi-

tioned at different crystallographic sites, and in such cases Curie-Weiss law does not

hold good. To analyse the temperature dependence of the paramagnetic susceptibility

4
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1.2 Structural and magnetic properties of CoCr2O4

of these substances, Néel [47, 48] generalized the concept of the Weiss molecular field.

In this model an ion of a given sublattice interacts with neighbours in the intra and

inter sub-latices. He also assumed that the interactions within and between sublat-

tices give rise to distinct internal fields. According to Néel the magnetic susceptibility

above the magnetic ordering temperature can be written as,

1

χ(T )
=

(T −Θ)

C
−

ξ

(T −Θ′)
(1.3)

Here first term is again similar to the Curie-Weiss law. Curie constant C is the sum of

the magnetic ions reside on the different sub-lattices. and Θ, ξ and Θ′ are proportional

to the superexchange integrals of intra and inter sub-lattice elements [47, 48].

1.2 Structural and magnetic properties of CoCr2O4

Cobalt chromate, CoCr2O4 is one of the oldest compounds, initially studied by Menyuk

et al. [28]. It exhibits very complicated magnetic structure compared to that of the

conventional simple FIM materials [28, 49]. Structural and magnetic properties of

CoCr2O4 are as follows.

1.2.1 Crystal structure of CoCr2O4

CoCr2O4 crystallizes in AB2O4 type spinel structure. Here A and B are transition

metal ions. Spinel structure is a close-packed face-centered cubic lattice formed by

oxygen anions. As shown in the Fig.1.1, oxygen anions form two interstitial positions

namely octahedron and tetrahedron with 6 and 4 coordination, respectively. In gen-

eral, the unit cell of a spinel compound consists of 8 AB2O4 units, i.e., 24 cations(8

A-type & 16 B-type) and 32 oxygen anions. Among the 24 cations 8 are distributed in

the 64 available tetrahedral sites and the remaining 16 are distributed in the 32 avail-

able octahedral cites. Depending on the distribution of the cations in the available

two sub-lattices, three types of spinel compounds are possible. If all 8 A-type cations

5
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Figure 1.1: Spinel crystal structure of CoCr2O4 showing edge-shared CrO6 octahedra

(reddish pink) and corner shared CoO4 tetrahedra (light blue) and CrO6 octahedra in the

3 dimensional space. Balls indicate different ions of CoCr2O4. Bond angles of Cr−O−Cr

and Co−O−Cr paths are also shown.

occupy the tetrahedral site and remaining 16 B-type cations occupy the octahedral site

then the resulting spinel is called as normal spinel. The crystal structure of CoCr2O4

is shown in Fig.1.1, where Co+2 ions occupy the tetrahedral site and Cr+3 ions oc-

cupy the octahedral site, and forming a normal cubic spinel with lattice parameter

around 8.33Å [28]. If 8 (50%) of the B-type cations occupy the tetrahedral site and

and remaining 8(50%) B-type and 8 A-type cations occupy the octahedral site then

resultant structure is inverse spinel [50, 51]. Fe3O4 is a complete inverse spinel. But

many of spinel compounds are intermediate, i.e., neither complete normal spinel nor

inverse spinel. For example, CoFe2O4 is 70%−85% inverse spinel depending on the

preparation conditions [50, 52].

6
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1.2 Structural and magnetic properties of CoCr2O4

In the cubic spinels, the distribution of near-neighbours (NN) and next-near neigh-

bours (NNN) for A and B site ions is found to be in the following manner. A-site

ion consists 4A NN, 12B NN, 12A NNN, and 16B NNN ions, where as the B-site ion

consists 6A NN, 6B NN, 8A NNN, and 12B NNN ions. The distance between the

ions of B−B neighbor ions is smaller than that of the A−B neighbor and the longest

distance exists between A−A neighbors [34]. The octahedron shares with its adjacent

octahedra along the edges whereas the tetrahedron and octahedron are linked along

the corners. Angle between the Co and Cr, i.e., Co−O−Cr is around 125◦, and be-

tween the Cr ions, i.e., Cr−O−Cr is around 95◦ in CoCr2O4.

1.2.2 Magnetic frustration due to geometric constrains

Spinel compounds exhibit a wide range of magnetic properties depending on the tran-

sition elements in its two sub-lattices. In oxide spinels, the magnetism is governed by

the AFM superexchange interactions. In CoCr2O4, having Co+2 (3d7) and Cr+3 (3d3)

magnetic ions, the possible NN paths for magnetic super exchange interactions are

Cr−O−Cr and Co−O−Cr. It has been found to exhibit a collinear FIM ordering at

TC ≃ 94−97 K and a magneto-structural transition into a complex conical spin-spiral

ordering at TS ≃ 24−27 K [28]. Unfortunately, the magnitude of the magnetization

in this compound can not be explained by collinear ordering of the moments.

Due to the geometrical constraints and the competition among different interac-

tions in the spinel compounds, magnetism is mainly dictated by the magnetic frustra-

tion. Magnetic frustration arises in some of the systems due to the failure of minimiza-

tion of the energy of all pairwise magnetic interactions simultaneously. This inability

of the system gives rise to macroscopic degeneracies, i.e., infinite number of states

posses minimum energy, and it leads to exotic new ground states of a magnetic sys-
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tem [53–57]. The appearance of frustration due to the geometrical constrains is called

geometrical magnetic frustration(GMF). Mainly GMF arises in materials containing

antiferromagnetically coupled magnetic moments that reside on geometric units such

as triangles or tetrahedron. As shown in Fig.1.2(a), for four moments on the corners

of square it is easy to satisfy all the NN AFM interactions simultaneously. However,

if the strength of NNN interaction J ′ is comparable to that of NN interaction J even

spins on the corners of square also gives rise to the magnetic frustration. But in the

case of (b) for all NN AFM pairs of moments on the corners of triangle we can see

that only two of the three moments can be satisfied at an instant. If first two mo-

ments align antiparallel to each other, the third one is frustrated because of its two

possible orientations, up and down which posses same energy. The third moment can’t

simultaneously minimize its interactions with both of the moments on the other two

corners of triangle. Since this effect can occur for moments on each corner, the ground

state of three moments on the corners of a triangle can possesses six equal minimum

energy configurations (b1)−(b6) as shown in Fig.1.3. Hence, the system has sixfold

degeneracy. In a practical case, the GMF hinders the formation of a collinear mag-

netically ordered state with a minimum energy, and it rather leads to the emergence

of unconventional non-collinear magnetic ground states [56, 58]. This is the case for a

single triangle block.

If we consider linked triangles in different dimensions, then it leads to the further

complication as shown in Fig.1.4. Corner shared triangles in one dimension(1D) form

diamond chain as depicted in Fig.1.4(a). This kind of situation has been observed

in Cu3(CO3)2(OH)2 [59, 60]. In the case of two dimension (2D) more complicated

magnetic ground states can be found due to the GMF as shown in triangular lattice

and Kagomé lattice [Fig.1.4(b) & (c)]. Such states are realized in hexagonal man-

ganites RMnO3(R=Y, Lu & Sc) [61] and KFe3(OH)6(SO4)2 [62], and other numerous

systems [57, 63, 64]. In three dimension (3D), much more exotic behaviour can be

8
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1.2 Structural and magnetic properties of CoCr2O4

J'

J
J J'

(b)(a)
?

Figure 1.2: (a) Antiferromagnetically arranged neighbouring moments residing on the

corners of square. (b) Failure of all pairwise AFM interactions for the moments reside

on the corners of a triangle. Here the circles indicate magnetic ions.

J'

J
(b1)

J'

J

(b2)

J'

J
(b3)

J'

J
(b4)

J'

J

(b5)

J'

J
(b6)

Figure 1.3: (b1)−(b6) Six possible magnetic configurations for the moments on the

corners of a triangle if we consider simple collinear alignment of AFM moments. But in

general much more complicated situations can be realized.
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(a)
(b)

1D

(c)

3D

(d)

2D

Figure 1.4: Geometric frustration in (a) 1D diamond chain, (b) 2D triangular lattice,

(c) 2D Kagomé lattice and (d) the 3D pyrochlore lattice (corner shared tetrahedra) [53,

56, 57].

observed as shown in Fig.1.4(d). The magnetic lattice shown in Fig.1.4(d) is called

as pyrochlore lattice, realized in systems like Ho2Ti2O7 [65] and ACr2O4(A is non

magnetic ion). Similar to liquids, where molecules form a highly disordered state, the

antiferromagnetically coupled moments which reside in the 1D, 2D and 3D lattices

shown in Fig.1.4 also form spin liquid or spin-glass ground states [53, 56].

B-site of the AB2O4 spinels forms pyrochlore lattice similar to the one shown

in Fig.1.4(d) and the A-site forms diamond lattice. If only B-ions are magnetic in

nature, the pyrochlore lattice causes unusual GMF, one such example is ZnCr2O4, in

which emergent excitations of spin states have been observed [66]. If both A and B

ions are magnetic in nature, the magnetic interaction between A and B ions provide

an alternate way for the frustrated B-site moments to satisfy the different magnetic

exchange interactions simultaneously upto some extent. This causes the reduction

of the GMF in the B-pyrochlore lattice upto some extent, and results in decrease

of degeneracy of the ground state. Hence the characteristics of the configuration is

governed by the strength of the interaction between A and B magnetic spins over the
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1.2 Structural and magnetic properties of CoCr2O4

interaction between B and B spins.

To deal this situation Lyons, Kaplan, Dwight and Menyuk(LKDM) proposed LKDM

theory for spinel compounds [49] by considering the classical Heisenberg magnetic ex-

change energy. Solving of the classical Heisenberg exchange energy for many A & B

magnetic spinels led to the discovery of a new magnetic ground state configurations,

called FIM spin-spirals. According to LKDM theory the strength of the GMF and

hence the magnetic ground state of spinel compound can be estimated by utilizing a

simple ‘u’ parameter.

u =
4JBBSB

3JABSA

(1.4)

here, JBB & JAB are the NN AFM superexchange integrals along the B−O−B &

A−O−B pathways, and SA & SB are magnitudes of the moments at the A & B-sites,

respectively. From this (i) if A-ion is non-magnetic, SA= 0 and JAB = 0 then u = ∞

and hence results in the large GMF as noticed in ACr2O4 [66] and AFe2O4. (ii) For

the spinels in which A & B ions are magnetic, if ‘u’ is finite and u >1.298 then

it has been argued that weak GMF survives and the degeneracy of the spin state

decreases upto some extent leaving the spins in the intermediate state and by avoiding

the long range ordering with reduced correlation length [28, 29]. This simply results

in short range spin-spiral configurations. MCr2O4(M = Co, Mn, Fe & Ni) with the

‘u’ value around 2 showed some kind of spin-spiral configurations evidenced by many

experimental studies [24, 28–30, 67]. This short range spiral configuration turnout to

be long range one for 1.298 ≥ u ≥ 8/9. (iii) For the spinels having magnetic ions at A

& B sites with u <8/9 the underlying magnetic configuration become simple Néel-type

collinear FIM or AFM ordering. This is noticed in MFe2O4(M = Fe, Co & Mn) due

to the domination of JAB over JBB. Scaling between the ‘u’ and GMF in various

cubic spinel/inverse spinels is summarised in the Fig.1.5. In this way LKDM model

successfully attempts to explain the non-collinear magnetic orders in spinels.
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ZnFe2O4

ZnCr2O4MnCr2O4

   spin-spirals
Stable 

   spin-spirals

Large GMF

Spin liquid

Weak GMF

CoFe2O4

Locally unstable 

21.298
Neel

Collinear

Fe3O4

u0
8/9

CoCr2O4

Figure 1.5: Schematic diagram showing the relation between the magnetic frustration

and magnetic configuration in various spinels as a function of LKDM parameter ‘u’.

However, this model failed to explain the presence of GMF in the A magnetic and

B non-magnetic spinels. This may be because of the consideration of only NN superex-

change interactions. In spinels such as MAl2O4(M = Co, Mn & Fe)[68–70] frustration

may arises from the diamond A-lattice due to the competition between the NN and

NNN superexchange interactions.

To estimate the amount of magnetic frustration experimentally an empirical rela-

tion has been formulated, according to it frustration index,

f =
|Θ|

Tm

(1.5)

where Θ is the Curie-Weiss temperature and Tm is the magnetic ordering temper-

ature below which the long range magnetic ordering sets in. Magnitude of Θ sets

the energy scale for the magnetic interactions, from mean-field theory, Θ = 2S(S +

1)/kB
∑

n ZnJn ; Zn is number of nth neighbours and Jn is corresponding exchange

integral. Hence, Θ is proportional to the strength of the magnetic interactions in a

magnetic system. If magnetic exchange energy is not hindered by other sources, the

system should undergo long range magnetic ordering exactly at T ≃ |Θ| as demon-

strated in bulk FM systems, where f ∼ 1. But this is not the case in AFM materials

in which the magnetic ordering temperature TN is always smaller compared to |Θ|. In
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1.2 Structural and magnetic properties of CoCr2O4

Figure 1.6: Pyrochlore B sub-lattice structure of CoCr2O4 viewed along the conical

spin-spiral modulation direction [110] (denoted as the x axis). The circles with slanted

arrows indicate the conical spiral plane of the Co, Cr1 and Cr2 moments [23, 28].

general weak frustration survives in AFM materials if 2≤f≤10, and it leads to sta-

ble non-collinear spin configurations. For highly frustrated AFM materials, i.e., with

f > 10, it leads to exotic magnetic states such as spin-glass, spin-liquid etc.

1.2.3 Magnetic phase diagram of CoCr2O4

As illustrated in the Fig.1.6, Co+2 in the A-site is coupled to the Cr+3 in the B-site

with the superexchange integral via A−O−B network. Due to the availability of this

magnetic cation in the A-site, the superexchange interaction JAB strength becomes

comparable to that of the JBB in the pyrochlore B-lattice. This causes the reduction in

the frustration of the pyrochlore B-lattice, and in turn results in complex non-collinear

spin-spirals with three magnetic sub lattices namely Co, Cr1, and Cr2 [28, 67]. JBB &

JAB superexchange integrals estimated from the molecular field calculations[28, 49] and

ground state magnetic structure by neutron scattering data [29] endorse the ‘u’ value
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around ‘2’. According to LKDM model u ∼ 2 is favourable condition for the for-

mation of spin-spirals [28, 29, 49]. Experimentally observed FIM TC is a result of

the ordering of the A-site moments along the [001] easy magnetic axis [28, 71]. Upon

lowering the temperature below TC , even though the long range order of A-site(Co+2)

moments persist, due to the weak GMF (which avoids the long range magnetic ordering

of the moments in pyrochlore B sub-lattice) the spin components perpendicular to the

easy axis and the corresponding moments at Cr-site(Cr1 and Cr2) are still disordered,

forming short range spin-spirals in such a way that the resultant magnetic moment is

anti-parallel to A-site moment [28, 29, 71]. At TS the magnetic structure completely

changes into a incommensurate conical spin-spirals. As shown in the Fig.1.6 all the

moments are constrained to the surface of the cones. Cone angles for the Co, Cr1 and

Cr2 site moments are 48◦, 71◦ and 28◦, respectively. A-site moment is along the [001]

direction whereas the resultant moment of B-site (B1 and B2) align along the [001̄]

direction. Resultant moment of the A-site dominates below TC [23, 28, 29].

Further, the detailed neutron scattering studies on CoCr2O4 revealed that the step-

like change observed in the thermomagnetic properties at around 13 K is due to the

lock-in transition TL [24, 30]. Magnetic order of the conical spin-spiral component

with an incommensurate propagation vector of (0.63, 0.63, 0) observed at TS, crosses

over into the commensurate conical spin-spiral order with fixed propagation vector

of (2/3,2/3,0) across TL [30]. The commensurate conical spin-spiral order observed

below TL∼ 13 K is locked to the underlying lattice hence TL is named as the lock-in

transition [24, 30]. Y. J. Choi et al. [24] reported much more complicated spin-spiral

magnetic ordering even above TL compared to the earlier neutron scattering studies.

They found two incommensurate magnetic modulations Q+ and Q− at a temperature

above TL. For temperature below TL, they observed one commensurate modulation

QC = 2/3[110] and two incommensurate modulations, Q′

+ and Q′

−
, with a separation

along [1̄10] much larger than that between Q+ and Q−.
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1.2 Structural and magnetic properties of CoCr2O4

Figure 1.7: (a) H-T phase diagram of CoCr2O4 based on magnetization and specific-

heat measurements[31]. (b) Low-temperature(T ≤ TL) commensurate spin-spiral H-T

phase diagram of CoCr2O4 derived from the ultrasound propagation measurements [32].

The commensurate phase below TL is not stable, it undergoes many fluctuations.

A. V. Pronin et al. [31] measured the magnetization and specific heat of CoCr2O4 in

magnetic fields up to 14 T. Their high-field magnetization and heat capacity measure-

ments revealed feature of a new phase transition at T ∗ = 5−6 K. The phase between

T ∗ and the lock-in transition TL is characterized by magnetic irreversibility. Specific-

heat measurements confirmed the transition at T ∗, and also show irreversible behavior.

Field-temperature(H-T ) phase diagram of f CoCr2O4 constructed from these high field

studies is depicted in the Fig.1.7(a). We can see that the CoCr2O4 has very compli-

cated magnetic phase diagram as a function of field and temperature. Here the Tkink

is derived from the subtle jump in the magnetization at around 50 K. Origin of Tkink is

controversial, and not yet clear, initial studies claimed that it is the signature of short

range spin-spiral [28, 29] while later studies attributed it to ordering temperature of

the B-site[71].

Recent magnetic field and temperature dependent ultrasound propagation and
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magnetization studies in single-crystalline CoCr2O4 in static fields (upto 14 T) and

pulsed magnetic fields (62 T) discovered much more interesting features in the mag-

netic phase diagram as shown in Fig.1.7(b) [32]. While the magnetization changes

gradually as a function of field upto 62 T, step-like increments in the ultrasound mea-

surements are observed below TL. These features clearly signify a transition into a

new magneto-structural state between 6.2 and 16.5 K and at high magnetic fields.

They argued that the phase below TL is a high-symmetry phase with only the longitu-

dinal component of the magnetization being ordered, while the transverse spin-spiral

component remains disordered and undergo transitions at high fields. This phase is

found to be metastable in the H-T phase space. Even ultra high fields are not able

to induce full net moment of 3 µB/f.u, if we assume that the magnetic structure is

collinear T 6 TS [31, 32]. This indicates how rigid the spin-spirals are there in this

system.

1.2.4 Other ferroic properties in CoCr2O4

In the current times coexistence of the ferroelectric (FE) and magnetic properties

in single phase material is a subject of fundamental as well as technological impor-

tance [72–76]. Magnetism and ferroelectricity are related to the spin and the charge

degrees of freedom, respectively. Ferroelectricity is the electric analog of FM. A FE

material exhibits macroscopic electric polarization below its characteristic tempera-

ture, TE . Electric dipole moment is the fundamental block of ferroelecticity. Unit cell

needs to be non-centrosymmetric for the existence of a dipole moment, i.e., in FE state

the centre of the positive ion (cation) of the crystal does not coincide with the centre

of the negative charge [77].

Though ferroelectricity and magnetism are two competing physical phenomena,

they are found to coexist in some of the materials such as BiFeO3(TFE ∼ 1100 K,

TN = 643 K) and YMnO3(TFE ∼ 914 K, TN ∼ 76 K). Here also the ferroelectricity
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1.2 Structural and magnetic properties of CoCr2O4

Figure 1.8: (a) Temperature dependence of electric polarization P along the [1̄10]

direction, and magnetization M along the [001] direction in CoCr2O4. (b) and (c) are the

field dependence of electric polarization, P , along the [1̄10] direction, and magnetization

M along the [001] at 20 K and 10 K, respectively. Here, the magnetic field is applied

along the [001] [23].

appears due to the non-centrosymmetric unit cell. Due to different sources of the

magnetism and ferroelectricity they are largely independent of each other. In many of

them, the critical temperatures of FE transitions are well above room temperature.

Surprisingly, frustrated magnets such as CoCr2O4, RMnO3 and RMn2O5(R = Tb,

Dy, and Ho) have been found to exhibit multiferroic properties with a giant magneto-

electric coupling [23, 24, 78–80]. In these compounds the electric polarization P can

be reversibly switchable by the external magnetic field [23, 24]. Here the magnetic

transition temperature is higher than that of the ferroelectric transition. In this case

the electric polarization is believed to be generated from local magnetic ordering.

As shown in the Fig.1.8, P can be reversed with external magnetic field [23, 24].

Among very few materials CoCr2O4 exhibits both a saturated magnetization and po-

larization. The non-collinear conical spin-spirals observed in CoCr2O4 below magneto-

structural transition TS are source of magnetically driven P [23, 24]. Microscopi-

cally [27] and phenomenologically [81] magnetically driven ‘P ’ has been explained by

combining spin-current model and the inverse Dzyaloshinskii-Moriya interaction of the

17

TH-1338_09612108

1/figures/CCOmultiferroicity.eps


1. Introduction

form,

~P ∝
∑

<i,j>

~eij×(~Si× ~Sj) (1.6)

here, ~Si & ~Sj are the adjacent spin vectors and ~eij is the vector joining them. The

directions of the spontaneous P , the spin-spiral plane, and the propagation vector are

perpendicular to each other in accord with the spin-current model [27]. The directions

of the three vectors ~Si, ~Sj & ~eij and the resultant ~P for the transverse conical spin-

spirals formed in the A and B site of CoCr2O4 are presented schematically in Fig.1.6,

as per the above model. The propagation eij of the spin-spirals along the [110] di-

rection leads to spontaneous P perpendicular to the spiral propagation direction, i.e.,

along direction of [1̄10]. Change in the magnetic field direction also causes the change

in the direction of spin rotation axis, results in the flipping of P [23, 24].

Further, it can be also seen in the Fig.1.8 the lock-in transition TL [30] in CoCr2O4

leads to the thermally(a) and magnetically(c) induced reversal of spin induced P be-

low TL [24]. It occurs without change in spiral handedness (i.e., the sign of Q) and

sign of magnetization. The presence of multiple spiral sublattices are believed to be

the reason behind this unusual behaviour. Spin-current model[1.6] failed to explain

the this unusual behaviour in P . Recent reports revealed that the multiferroicity even

on the onset of collinear FIM ordering above TS and below TC [25, 26]. This indicates

that the magnetic order in the TS < TC is may not be fully collinear, the short range

spin spirals still persists even in the temperature region TS < TC as suggested in the

previous neutron scattering diffraction studies [28, 29].

Furthermore, distinctive anomalies in the sound velocity and attenuation have been

found at the onset of TS ∼ 27 K and TL ∼ 13 K. As we know that the sound can only

interact with the lattice vibrations, but the appearance of anomalies at magnetic tran-

sitions evidences a strong spin-lattice coupling in CoCr2O4 [32]. The magneto-elastic
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Figure 1.9: Schematic sketch of (a) normal, (b) left side shifted and (c) right side

shifted M-H loops; (b) and (c) illustrate the presence of exchange bias.

measurements are also found to exhibit anomalies at the different magnetic transitions

in CoCr2O4 [26]. However, they attributed it to the structural transformations from

cubic paramagnetic phase to tetragonal FIM phase across TC and again to cubic phase

across TS [26].

1.3 Exchange bias effect

The exchange bias(EB) effect was discovered in the year of 1956 by Meiklejohn and

Bean [11]. In general a normal M-H loop is known to be symmetric about the origin as

shown in Fig.1.9(a). But when a system of FM material(Co) in contact with an AFM

(CoO) material was cooled in a static applied magnetic field from above the TN of the

CoO material, and the measured resultant magnetization (M-H ) loops were found to

shift left side on the field axis [11, 12] as shown in the Fig.1.9(b) compared to that of

normal M-H loop depicted in Fig.1.9(b). The loop can also shift right side as shown

in the Fig.1.9(c). The amount of shift in the M-H loop is defined as EB field,

HEB = −
(HC+ +HC−)

2
(1.7)

where HC+ & HC− are the positive & negative coercive field values of the M-H loop,

respectively. Since its discovery in 1956, EB was investigated in numerous FM−AFM
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systems but continued to be of fundamental interest. In addition to this, technological

interest of EB was triggered in mid 90
′

s when EB effects in FM−AFM multilayers have

been revealed to be practically useful in read/write heads of recording devices [6, 41–

43]. Thereafter it has found many other technological applications such as magnetore-

sistive random access memories (MRRAM) [1–5], magnetic field sensors [7, 8] enhanced

of the coercivity & energy product of permanent magnets and in overcoming the su-

perparmagnetic limit of memory devices [9, 10]. Over all it can be understood that

EB has become a quintessential aspect in the field of spintronics. Due to these practi-

cal demands, EB has been studied extensively in numerous combinations of materials

like FM, AFM, canted AFM, FIM, spin-glass and disordered magnetic components,

etc. [8, 82, 83].

According to Meiklejohn, phenomenologically exchange anisotropy developed at

the FM−AFM interface in the cooling process was assumed to be the the origin of the

EB [13]. Further it has been found that the exchange anisotropy at the FM−AFM

interface is unidirectional in nature [12, 13]. Let us assume that the AFM and FM ma-

terials are in contact with each other and their ordering temperatures are TN and TC ,

respectively. As shown in Fig.1.10(i) when a field is applied in the temperature range

TN < T < TC , the FM moments align in the field direction but the AFM moments

remain random as they are in the paramagnetic regime. When T≤TN in the presence

of the field the AFM moments also tend to align in the following way. First, the

AFM moments next to the FM align parallel (ferromagnetically) to those of the FM

moments at the AFM−FM interface. The other moments in the AFM material simply

follow the AFM order as illuminated in the Fig.1.10(ii). When the field is decreased

and reversed to measure the M-H loop, the FM moments away from the interface start

to rotate along the field direction. But, the AFM spins at the AFM−FM interface do

not let the ferromagnetically coupled FM layers at the interface to rotate along the

applied field as demonstrated in the Fig1.10(iii). In other sense, the AFM moments at
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Figure 1.10: Schematic block diagram of the magnetic configurations of FM and AFM

materials at the FM−AFM interface. (i) In the temperature range TN < T < TC when

the sample is cooled in a field for which the FM moments order fully. (ii)−(v) are the

magnetic configurations of the FM and AFM materials at various stages of an exchange

biased M-H loop measured below TN . Length and direction of the arrow representing

H, indicate the magnitude and direction of the the applied magnetic field at different

states of the loop.
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the interface exert a microscopic torque(pinning) on the FM moments, to keep them

in ferromagnetically aligned at the interface. In this way few layers of FM moments

at the FM−AFM interface are pinned to the AFM material. So, FM spins at the

interface have one fixed and stable configuration, i.e., the magnetic configuration at

the FM−AFM interface become anisotropic which is unidirectional. So, more field is

required to rotate these pinned moments against this unidirectional anisotropy. How-

ever, when the field is large enough to saturate the FM material all the moments in the

FM material align to the field as shown in the schematic (iv). But the AFM ordering

in the AFM material is unaffected due to the large underlying anisotropy in it. When

the field is decreased to complete the loop, the FM moments will start to rotate even

at a small negative field, due to the anisotropy at the AFM−FM interface, which now

exert a torque in the same direction as the field (Fig.1.10(v)). Hence the magnetic

energy required to rotate the FM moments along the positive and negative field direc-

tions is unequal, and results in shifting of the M-H loop, along negative H-axis. In

this way, the FM material experiences an internal biasing field, which oppose(enhance)

the rotation of the FM moments along the applied field in the descending(ascending)

branches of M-H loop. This field is caused due to the exchange anisotropy at the

interface, hence it is named as the EB field [12, 13]. The depth of pinning in the FM

material depends on the strength of the anisotropy in the AFM material, i.e., more

the anisotropy in the AFM material pins the more number of layers of FM moments,

and thus leading more shifting of the M-H loop. Further, due to the unidirectional

exchange anisotropy developed in the cooling process at the FM−AFM interface, the

coercivity of the of FM−AFM multilayers increases compared to that of the individual

FM material.

Even though EB effect is assumed to be an interfacial phenomenon, later, it has

been observed in structurally homogeneous materials such as core-shell nanostructures,

spin-glasses, cluster-glasses and magnetically phase separated systems [14, 15]. Ana-

22

TH-1338_09612108



1.3 Exchange bias effect

logues to AFM−FM interfaces in composites and multilayers, in this materials also

FM and AFM magnetic configurations coexist within the structurally single phase

material and that gives rise to EB effect. The discovery of EB in the single phase

materials has renewed attention in this effect in a variety of structurally single phase

compounds comprised of various coexisting magnetic phases. If the particle size of

an AFM material is reduced to its magnetic domain size, the core can still form bulk

AFM ordering but the shell moments behave as a detached part from the core and act

a soft FM part with the applied magnetic field. Under field cooling process, AFM core

starts exerting pinning force on the FM shell and it gives rise rise to EB phenomenon.

In this way the appearance of EB has been in core-shell nano particles is attributed

to the spontaneous interface between the shell(FM) and core(AFM).

Another important class of single phase homogeneous materials in which EB is

observed due to the coexistence of FM and AFM configurations are the rare-earth

inter-metallic compounds. The conduction electrons play important role in the EB ef-

fect of rare-earth inter-metallic compounds [16]. In magnetic rare-earth inter-metallic

compounds, magnetic moments of the rare-earth elements interact via conduction

electrons with the long range indirect RKKY interaction. The sign of magnetic in-

teraction(positive for FM and negative for AFM interactions) varies with distance

between the magnetic ions. This gives rise to a coexistence of FM and AFM interac-

tions among different magnetic rare-earth elements in the sea of conduction electrons.

Thus, magnetic inter-metallic alloys having coexisting magnetic phases are one class

of promising candidates for giving the EB effect.

1.3.1 Tunable exchange bias

Most of the materials summarised so far are found to exhibit shift in the FCM-H loops

along the opposite direction to the cooling field(HFC), i.e., if HFC is positive, shift in

the loop is along the negative field axis and vice versa. It has been claimed that if the
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Figure 1.11: HFC dependent EB field of FeF2/Fe multilayeres with FeF2 grown

at 250◦C(▽) and 300◦C(o). Inset: FC M-H loops for HFC = 2 kOe(o) and

HFC = 70 kOe(•) [85].

AFM material is deposited on top of the FM material in an external magnetic field

large enough to saturate the FM moments, the resulting M-H loop of the bilayer film

shows a displacement in the direction of the HFC [11]. Surprisingly some FM−AFM

multilayer systems showed shift along the same direction without applying the field

while growing the layers. For example, in GdCo2−Co multilayers, it is found that the

sign of shift in the biased M-H loops is same as the HFC sign for the temperatures

above the magnetic compensation temperature(Tcomp) and below which it is opposite.

This indicates that unlike in the EB materials summarised so far the shift in the FC

M-H loops is different at different temperatures in this sample even without changing

the HFC sign. Hence, the EB field in this materials is found to change its sign and

diverges at the Tcomp [84]. However, the exact underlying microscopic origin of the

sign of EB and the divergence of the EB field and the coercive field are not very clear.

Studies in FeF2−Fe and MnF2−Fe bilayers revealed unusual behaviour in EB field
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when the cooling field magnitude is changed [85]. As shown in the inset of Fig.1.11,

for large HFC the loops instead of shifting towards negative for a positive HFC, they

are shifted towards positive fields, i.e., in the same direction of the HFC. This is in

contradiction to what is observed for small HFC or what is observed in other systems.

This effect is called as the positive EB (according to the definition used by J. Nogues

et al. [85] which is opposite to eq.4.2). The magnitude of the HFC needed to change

the sign in the shift of the M-H loop from negative to positive depends strongly on

the microstructure of the sample, and thus the interface coupling at the interface.

For strong couplings (i.e., large HEB) larger HFC are needed to obtain positive loop

shifts [85]. As depicted in the main panel of Fig.1.11, HEB is small at the small HFC

values, so the sign change in the HEB takes place at considerably small values of HFC.

Positive shift has also been observed in FeF2 single crystals coated on thin Fe layers for

rather small HFC(∼2 kOe) values. This indicates that the interface coupling in this

case is rather weak and the FeF2 surface moments couple to the external HFC above

TN . Different theoretical models have been proposed to explain this effect [85, 86]. All

the models are based on the existence of antiparallel coupling between the FM and

AFM layers at the interface, quite opposite to the phenomenological model explained

in the Fig.1.10 [12, 13]. Thereafter, coexistence of positive and negative EB effect

induced by temperature as well as HFC has become attractive in other FM−AFM

multilayers [87–89].

The most stunning feature of the tunable EB effect is the observation of the sign

change of EB with changing the temperature across the Tcomp even in an ideally ho-

mogeneous single crystalline rare-earth inter-metallic system of Nd0.75Ho0.25Al2 [17].

As shown in Fig.1.12(b), in the close proximity of Tcomp the EB field changes sign

across Tcomp, at which the magnetization of the sample also changes its sign. In this

rare-earth inter-metallic compound HEB(T ) reverses its sign at Tcomp and exists in

the narrow temperature window, where Heff
C (T ) collapses. The occurrence of coexis-

tence of negative and positive HEB has been discussed in the light of different kinds
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of exchange coupling between the moments corresponding to conduction electron po-

larization (CEP) and, two dissimilar rare-earth ions at above and below Tcomp. It is

anticipated that CEP in this systems is an analogue of a FM material of FM−AFM

composites and multilayers [Fig.1.12(c)] [8, 12, 13] and antiferromagnetically coupled

local magnetic moments of both the rare-earth ions(µNd and µHo) play the role of

AFM material. Two schematics in the Fig.1.12(d) represent the orientations of the

local moments of Nd/Ho and that of the CEP with respect to the applied field in two

temperature domains i) above Tcomp and ii) below Tcomp. Point to be noted here is the

reversal in the orientation of the different sub-components across Tcomp is induced by

cooling the sample in a large enough external field. Even though the orientations of

different sub-components in the case of Nd0.75Ho0.25Al2 for T < Tcomp in part (d) of

Fig.1.12 are apparently equal to part (c), the EB field show negative values contrast to

the positive values in the field in the multilayers. Hence the analogy between the CEP

in the rare-earth alloys and the FM part in the multilayers & composite materials is

opposite [84]. As shown in Fig.1.12(d), for the region T > Tcomp, µCEP is assumed to

align antiparallel to the direction of applied field as it is strongly exchange coupled

with the rare-earth moments. This kind of situation may not be possible for the FM

layer in the multilayers and composites, in which FM component always aligns with

the external field as the exchange coupling at the interface is rather weak. Existence

of the EB effect in the vicinity of Tcomp indicates that the contributions from the lo-

cal magnetic moments of both the rare-earth ions are nearly compensated(as we see

collapse in the Heff
C (T ) of the M-H loop in Fig.1.12(a)), and the pinning on CEP be-

comes significant [17]. In this way the soft CEP plays significant role in the existence of

the EB effect and its sign change across Tcomp in rare-earth inter-metallic compounds.

Similar kind of sign change in the EB field across the Tcomp has been also observed in

the context of other rare-earth inter-metallic compounds of Sm0.98Gd0.02Al2 [18] and

Sm0.975Gd0.025Cu4Pd [16]. The difference between the multilayers [84] and single crys-

talline samples [17] in which the sign change in the EB field is coercive filed diverge
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Figure 1.12: (a) Temperature dependences of (a) the effective coercive field, Heff
C

and (b) the EB field HEB in a single crystalline Nd0.75Ho0.25Al2. Schematic diagram

of the orientation of the different sub-components of magnetization with respect to the

applied field (c) for the FM−AFM multilayers and (d) for Nd0.75Ho0.25Al2 single crystal

at T > Tcomp and T < Tcomp [17].

at the Tcomp in the former and collapse in the later.

Later the temperature dependent sign reversal of both magnetization and EB field

have been observed in core-shell type AFM La0.2Ce0.8CrO3 nanoparticles [19]. In this

case the negative EB(left shift)/positive EB(right shift) above/below Tcomp are ex-

plained by considering the antiparallel/parallel coupling between core and shell mag-

netizations similar to that of HFC induced tunable EB in multilayers [85]. Core-shell

geometry also successfully explained the sign reversal of the magnetization at the

Tcomp.

Recently even few bulk single phase oxide materials like Sr2YbRuO6, La1−xPrxO3

and NdMnO3 also found to exhibit sign reversal of both magnetization and EB across
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Tcomp [20–22]. In addition to temperature induced tunable EB, HFC induced tunable

EB is also noticed in these materials. Origin of the EB in these systems is quite differ-

ent from that of the multilayer and other interface structures and in these materials

there is no presence of CEP and core-shell type features. However, various origins

have been addressed to explain the tunable EB. One way or other the competing in-

teractions between the magnetic rare-earth ion and the transition metal ion induces

the coexistence of FM and AFM orderings within the single phase material, and it

results in the EB effect [20–22]. Due to the domination of different orderings above

and below the Tcomp, and the change of exchange anisotropy between the FM and

AFM configurations, the sign change of EB field is seen across Tcomp. The exact origin

of the tunability of EB effect is not very clear. No common origin is found to explain

the tunable EB in these materials. Hence, in this context, it is essential to explore new

materials with similar magnetic configurations to observe the wider validity of tunable

EB.

1.4 Motivation of the thesis

CoCr2O4 possesses very complicated magnetic phase diagram [31, 32]. Non-collinear

spin-spirals dictate the magneto-electric coupling in this compound [23–26]. All these

unique features of this compound are the result of the weak GMF which is very much

sensitive to NN superexchange interactions along A−O−B and B−O−B chains [28,

29, 33]. Substitution of different elements into its different sites may provide ways to

vary the strength of superexchange interactions smoothly. Moreover, dependence of

particular magnetic sub-lattice on its magnetic and multiferroic properties is seldom

studied.

On the other hand, EB effect is a time honoured subject, though a fairly large

volume of research has been dedicated to it, the exact underlying origin is still under

debate [8, 12, 85, 90, 91]. A new dimension may be added to the technological po-
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tentials of the EB effect[12], if it is observed in a multiferroic material [75, 76]. EB

effect offers electric control of magnetic properties material [73–76, 92]. Further, the

non-collinear magnetic configurations are reported to exhibit EB effect [93–95].

Purpose of this thesis is of two fold. Firstly, it attempts to study the effect of

substitution of different elements with different magnetic moments into its Cr-site for

the comprehensive understanding of the underlying magnetic properties. We have

chosen Fe+3, Co+3 & Al+3 to substitute for Cr+3, whose magnetic moments and ionic

sizes are differ from that of Cr+3. We also construct the magnetic phase diagrams as

a function of the substituted elements. Secondly, we see the possibility of exploring

the tunable EB effect with the substitution of different elements into its Cr-site, while

keeping its positive features in the magnetic properties. Non-collinear spin-spiral sys-

tem CoCr2O4, along with the different element substituted samples, are model systems

to study EB effect.
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Chapter 2

Experimental Techniques

2.1 Sample Preparation

The following sample preparation techniques have been used in this thesis.

2.1.1 Solid state reaction

This is the versatile technique, widely used for synthesising the polycrystalline solid

oxide materials [96]. Here, high pure oxides, carbonates, oxalates, acetates, acetonates

etc. of metals can be used as the starting materials. The stoichiometric amounts

of these starting materials are ground in the organic solvents with the help of agate

mortar pestle for several hours to make sure the homogeneity. In general, solids do

not react with each other hence these mixtures are heated at high temperatures by

using high temperature furnaces. Thermal energy initially decomposes the starting

materials and then supplies the energy required for reaction among the constituent

elements [96]. Initially the starting materials start to react with each other so the

products start forming and for large enough temperatures the reaction completes.

The better contact between surfaces of the reactants, gives rise to a fast reaction rate.

Hence, a thorough grinding is necessary not only for getting the homogeneity but also

to reduce the particle size of the starting materials so that the surface area increases.
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Pressing of the samples into pellets with the help of hydraulic press further helps to

increase the contact area between the particles of the starting materials. The ther-

modynamic kinetics of the reaction can also be controlled by the heating/cooling rate

of the temperature. This method is well known for the less defective polycrystalline

samples. In this method, most of the oxide materials require the temperatures in the

range of 1100 ◦C−1500 ◦C to form in single phase.

In this thesis Fe and Co substituted CoCr2O4 samples are prepared by solid state

reaction method. Initially required amount of starting materials in the form of ox-

ides/acetonates were calculated from the stiochiometric equation and weighed using

an electronic balance to an accuracy of 1 mg. These materials ground in the acetone

or methanol organic medium using an agate motor and pestle for several hours such

that the homogeneous mixture is obtained. These thoroughly ground mixer of these

materials was heated at 600− 700 ◦C to evaporate the residual organic solvents. Then

the powder was pressed into pellets and sintered at 1100− 1350 ◦C for several hours

to get single phase polycrystalline samples.

2.1.2 Sol-gel method

The drawback of solid state reaction method is that reactants are not mixed on an

atomic scale and very high temperature is required to complete the reaction. Hence

various liquid reaction methods such as sol-gel methods have been developed to achieve

atomic scale mixing of reactants even at considerably low temperatures. Here ‘Sol’ is

a stable suspension of colloidal solid particles in a liquid and ‘Gel’ is porous, three

dimensional, continuous solid network surrounding a continuous liquid phase. Citrate

gel is one of the sol-gel processes. To prepare the sol, initially the starting materials

are dissolved in the solvent (distilled water or acid) and then mixed together. The

resultant mixture was kept under stirring and then proper ratios of citric acid and

ethylene glycol is added. The stirring process is continued for 2−3 hours at 60−80 ◦C
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to ensure the homogeneity. Citric acid is a chelating agent, carboxylate groups in it act

as ligands to form complexes with metal cations. The resultant solution is kept at the

same temperature for several hours till the water and the acids evaporate. The product

obtained after this process is the metal citrate gel. The gel was then fired at high

temperatures to remove volatile components trapped in the pores of the gel and organic

ligands, and to crystallise the final product. With this process the required particle

sizes can be obtained by sintering the samples at different temperatures. Other organic

acids like tartaric acid & poly acrylic acid, and polyhydroxy alcohols & poly(ethylene

glycol) also can be used as chelating agents. In general metal chlorides and nitrates are

widely used as starting materials due to their solubility in water. Typically samples

form at the temperatures 500−1200 ◦C.

Al substituted CoCr2O4 samples were prepared by using sol-gel method. Here

also required amount of nitrates/chlorides along with the citric acid were calculated

by using the stiochiometric equation. These materials were dissolved in distilled wa-

ter/acid, the resultant solutions were mixed together and kept under stirring at 60 ◦C

for several hours to make sure the homogeneous mixing. The black powder obtained

after combustion was preheated at 600 ◦C, then pressed into pellets and sintered at

1100 ◦C for several hours to get bulk single phase polycrystalline samples.

2.2 Measurement Techniques

2.2.1 X-ray Diffraction

Phase purity and the crystal structural information of the polycrystalline samples

were probed by powder X-ray diffraction measurement at room temperature utilising

PANalytical and Rigaku commercial x-ray diffractometer with Cu Kα(λ = 1.5406 Å)

radiation. In this technique, a thin layer of finely crushed powder of polycrystalline

sample is prepared on a glass slide. This layer of powder contains the grains ori-

ented along all the crystallographic directions. As shown in the Fig.2.1 a beam of
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 Detector

d

 Incident X-ray beam

Figure 2.1: Illumination of the Bragg′s law in case of set of two parallel planes.

monochromatic X-rays such as Cu Kα(λ = 1.5406 Å) is allowed to incident on to it

and then due to the comparable inter-atomic spacing and the wave length, X-rays are

diffracted. Theses diffracted rays are detected by the detector. Diffracted rays undergo

constructive interference if Bragg′s law is satisfied. Bragg′s law can be written as,

2dsinθ = nλ (2.1)

where ‘λ’ is the wavelength of the x-ray beam, ‘d’ is the inter planar spacing, ‘n’ is

the order of diffraction, and ‘θ’ is the angle of incidence/diffraction [37]. When the

angle of incidence is changed maximum intensity peaks are observed if different planes

are exposed, otherwise no peak is observed. In this way XRD patterns are obtained as

a function of 2θ for all the possible (h,k,l) planes. In order to probe the phase purity

of the specimen these patterns are fitted with the theoretical pattern using Rietveld

refinement method [97] in a computer program called FULLPROF [98–100]. From this

analysis one can extract the crystal structure information such as lattice parameter,

different bond lengths, bond angles, atomic positions, occupancies.
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Figure 2.2: Block diagram showing various physical phenomena occur when an accel-

erated beam of electrons is impinged onto the specimen.

2.2.2 Scanning electron microscopy

The scanning electron microscope (SEM) is an efficient experimental technique used

in both research and industry, to study surface morphology, chemical composition,

crystallography and properties on a local scale. In this technique, as shown in the

Fig.2.2, the specimen is bombarded by a convergent electron beam from a electron gun.

The interaction between the matter and electron beam leads to a number of different

types of phenomena such as 1) Backscattered electrons, 2) Secondary electrons, 3) X-

rays, 4) Absorbed electrons, 5) Transmitted electrons, 6) Cathodoluminescence. All

these generated signals are detected and the intensity of these signals is amplified and

converted into image on the computer screen to probe various physical properties of the

sample. Backscattered electrons are the electrons of the impinged electron beam that

are elastically scattered back from the sample with energies ranging from a few keV to

the energy of the incident electrons (typically 15−30 keV). This scattering takes place

in a volume extending down to 0.5 µm from the surface and therefore gives information
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2. Experimental Techniques

also about the ‘bulk’ properties of the material. Secondary electrons are ejected from

the inner shells(lower energy) of the atoms of the specimen(mostly within the depth of

5 nm from the surface) in the electron beam impinging process. Secondary electrons

and backscattered electrons are used to study the surface morphology related studies.

Due to the holes created in the process of secondary electron production, electronic

transition from outer sell to lower shell takes place. During this transitions electron

emits the X-ray photon. It is known that the energy of these X-rays is different for

different atoms. Energy dispersive analysis of X−rays(EDAX) is used to detect what

are the elements present in the specimen. Intensity ratio can also give approximate

ratio of the elements.

2.2.3 Differential scanning calorimetry

Thermal analysis is one of the useful methods to derive both physical and chemical

information. Most used technique of thermal analysis is thermogravimetric analysis

(TGA). TGA together with thermal analysis techniques such as differential scanning

calorimetry (DSC) are used in all types of applications like providing information

about the creation/decomposition of chemical bonds between components within the

sample, thermal & oxidative stability of a compound, kinematics of the chemical reac-

tion among the reactants, structural transitions in sample, etc. TGA/DSC technique

involves the measures of absolute amount and rate of change in weight/heat flow of the

sample as either functions of time or temperature in a controlled environment. The

basic DSC/TGA setup consists of sample and reference ceramic crucibles mounted

on a sensitive simple balance in a closed chamber which has the arrangement for gas

inlet and outlet. Both are subjected to identical heat treatments. Initially DSC/TGA

curves are measured as function temperature in the required temperature range with

the empty sample and reference crucibles for the base line correction. Now sample

crucible is filled with the specimen and again the measurement is carried out. TGA
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Figure 2.3: Block diagram of magnetic signal detecting hardware system in a Quantum

Design SQIUD magnetometer.

always measures the weight of the sample with respect to that of the reference, whereas

the DSC relies on differences in thermal energy required to maintain the sample and

reference at an identical temperature. If the reaction/process leads to absorption of

heat DSC gives endothermic peak or if deliver the heat then it gives exothermic peak.

Temperature at both sample and reference is monitered by the thermocouples fitted

along with them.

2.2.4 Superconducting Quantum Interference Device (SQUID)

magnetometer

Superconducting Quantum Interference Device (SQUID) magnetometer(S-VSM model

5, Quantum Design, USA) is versatile measurement technique and widely used in

the present days for performing precise temperature dependent dc magnetic measure-

ments between 1.8 to 400 K and isothermal magnetization measurements in fields

upto 7 Tesla. Magnetization measurements on some of the selected samples under

the applied fields upto 14 Tesla were carried out in Vibrating Sample Magnetometer
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(VSM) (Oxford instruments, UK). SQUID detection system is the main part if the

SQUID magnetometer. Fig.2.3 illustrates the simplified block diagram of the SQUID

VSM detection hardware. The superconducting detection coils are configured as a

second-order gradiometer, with counterwound outer loops which make the set of coils

non-responsive to uniform magnetic fields and linear magnetic field gradients. The

detection coils only generate a current in response to local(sample) magnetic field dis-

turbances. So the effect of the magnetic field is only lies on the sample not on the

coil. Sample dimension is much smaller than the dimensions of the detection coils, the

current signal in the detection coils is maximum at the centre as shown in the Fig.2.3,

hence it necessary to locate the sample at the center of the coil for the precise mea-

surement. As the sample moves through the detection coils, the magnetic moment of

the sample induces an electric current in the coils and is transferred to the SQUID via

a transformer. SQUID works as a linear current-to-voltage converter, the variations in

the current in the detection coils produce corresponding variations in the SQUID out-

put voltage which is proportional to the magnetic moment of the sample. In this way

the flux current generated in the detection coil due to the sample magnetic moment

is directly measured in SQUID. But in a conventional VSM the rate of change of flux

generated by sample motion gives rise to induced voltages in pick-up coils surrounding

the sample and is detected by a lock-in amplifier. If the sample induces weak signal

it is very hard to measure the rate of the flux, VSM fails to measure the weak signal

but in SQUID it is not a problem since it measures the flux directly. Hence the sensi-

tivity obtained in SQUID is of in the order of 10−7 −10−8 emu whereas the sensitivity

obtained in the VSM is <10−6[101]. Error is smaller than size of the symbols given in

the plots.
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2.2.5 Physical Property Measurement System

Physical Property Measurement System (PPMS, Model P 650) is utilised for perform-

ing the heat capacity measurements in zero as well as under the applied fields upto

9 Tesla in the temperature range from 1.5 to 300 K. Many different measurement

techniques are optimized for different sample sizes and accuracy requirements (high

resolution versus accuracy). The Quantum Design heat capacity option in this PPMS

uses a relaxation technique that controls the heat added to and removed from a sam-

ple while monitoring the resulting change in temperature. Here, a known amount of

heat pulse is applied at constant power for a fixed time and then this heating pe-

riod is followed by a cooling period of the same duration. The heat capacity puck

utilizes the standard PPMS 12 pin format for electrical connections, and it provides

a small microcalorimeter platform for mounting the sample. Samples are mounted

on this platform by a standard cryogenic grease or adhesive such as Apiezon N or

H Grease. Typical mass of the sample must be in the order of 10 mg for precise

and fast measurement. A single heat capacity measurement consists of several dis-

tinct stages. First, the sample platform and puck temperatures are stabilized at some

initial temperature. Power is then applied to the sample platform heater for a pre-

determined length of time, causing the sample platform temperature to rise. When

the power is terminated, the temperature of the sample platform relaxes towards the

puck temperature. The sample platform temperature is monitored throughout both

heating and cooling, providing the raw data of the heat capacity calculation. The

sophisticated two-tau model is used to analyse the heat capacity of the sample due to

poor thermal attachment of the insulating sample to the platform which produces a

temperature difference between the two[102, 103]. The two-tau model simulates the

effect of heat flowing between the sample platform and sample, and the effect of heat

flowing between the sample platform and puck. The values of the heat capacity and

other physical parameters are determined by optimizing the agreement between the
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measured data and the two-tau model. In the two-tau model, the first time constant

(τ1) represents the relaxation time between the sample platform and the puck, and

the second time constant (τ2) represents the relaxation time between the sample plat-

form and the sample itself. A second analysis is also performed using a simpler model

that assumes perfect thermal coupling between the sample and the sample platform.

However, the heat capacity software determines which model fits best to the measured

data. The heat capacity of the sample is determined by subtracting the addenda from

the total heat capacity. Error is smaller than size of the symbols given in the plots.
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Chapter 3

Studies in Co(Cr1−xFex)2O4 series

3.1 Introduction

As described, CoCr2O4 crystallizes in normal cubic spinel structure, with two mag-

netic ions Co+2 (3d7) and Cr+3 (3d3) in two different sub-lattices namely tetrahedral

(A-site) and octahedral (B-Site), respectively. It exhibits very rich magnetic phase di-

agram [31, 32] and strong magneto-electric coupling [23–26]. It is anticipated that all

these interesting properties emerge from the locally unstable conical spin-spirals which

depends on the magnetic interactions to Cr−O−Cr and Co−O−Cr. By studying the

magnetic properties of the Fe substituted series one can see how different magnetic

transitions are getting affected, while crystal structure remains unchanged. From the

point of view of CoFe2O4, it is a simple Néel type collinear FIM material with TC much

above the room temperature. It exhibits almost one order change in the magnitude of

the magnetization compared to that of the CoCr2O4. Magnetically, the difference be-

tween theses two compounds is Cr+3 (3d3) possess the magnetic moment of 3 µB, while

that of Fe+3 (3d5) possess 5 µB. It is also required to see the possibility of enhancing

the magnetic transitions of CoCr2O4. Further, there is no attempt on the study EB

effect in this series.
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This chapter deals with the preparation of Co(Cr1−xFex)2O4 for x = 0.0−1.0,

and study of their structural, temperature and magnetic field dependent magneti-

zation, EB effect and thermodynamic properties. To understand the origin of differ-

ent novel phenomena we propose a temperature and field dependent spin diagram of

Co(Cr1−xFex)2O4 and construct Fe concentration dependent magnetic phase diagram.

3.2 Experimental details

The phase pure polycrystalline samples of Co(Cr1−xFex)2O4 for x = 0.0−1.0 were pre-

pared by standard solid state reaction method from the starting materials Co3O4, (pu-

rity 99.9%) Cr2O3(purity 99.9%) & Fe2O3(purity 99.8%). Thoroughly ground mixer of

these materials was first preheated at 600− 700 ◦C, then the resultant powders were

pressed into pellets and sintered at 1100 ◦C for 12 hours. Finally, in order to enrich the

homogeneity through out the sample, pellets were reground and pelletized and finally

sintered at 1300− 1350 ◦C for 24 hours. During all heat treatments, the pellets were

placed on a bed of powder with the same stoichiometry to minimize the possibility

of reaction of the samples with the alumina crucibles. Powder XRD patterns were

obtained using Cu Kα(λ = 1.5406 Å) radiation in a Panalytical X’pert PRO multi-

purpose commercial X−ray diffractometer. Further, the morphology and composition

analysis by SEM images and EDAX spectrum, respectively, are used to study the

homogeneity and chemical composition of the samples. Magnetization measurements

in the temperature range 2−400 K and upto the maximum magnetic field of 140 kOe

were performed using commercial SQUID-VSM (Model S-VSM Quantum design, Inc.).

Temperature dependent heat capacity measurements down to 1.8 K in the presence

of field upto 90 kOe were performed using PPMS of Quantum design, Inc. U. S.

A. Trapped fields in the superconducting magnet incorporate serious artefacts in the

magnetization measurements of FIM materials using SQUID magnetometer. To avoid

this artefact, we quenched the superconducting magnet by heating above the super-
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conducting state using the reset option available in SQUID-VSM. Trapped field can

also be nullified by oscillating the magnet between the positive and negative values.

In order to avoid any magnetic field prehistory on the sample magnetic properties, we

first performed the thermomagnetic measurements under low applied fields on virgin

samples before being exposed to large fields to measure isothermal magnetization etc.

3.3 Results

3.3.1 X-ray diffraction studies

Samples are structurally characterized by recording the XRD patterns at room tem-

perature. Fig.3.1 shows the XRD patterns of some of the samples of Co(Cr1−xFex)2O4

series. We can see that all the Fe substituted samples show the XRD patterns similar

to the parent CoCr2O4 compound. To confirm the phase purity of the samples, Re-

itveld refinement has been performed on the XRD patterns of the all the Fe substituted

samples with the help of FULL PROF program. For all the samples the χ2 values are

found to be in the range of 1 to 1.5, which signify the goodness of the fit to the ex-

perimental data. As shown in the Fig.3.2, one can see all the samples adopt cubic

spinel structure with Fd3̄m space group. The unit cell parameter a ≈ 8.332(4)Å and

the coordinates (0.262, 0.262, 0.262) of oxygen ion corresponding to ‘32e’ Wyckoff

position of CoCr2O4 are found to be comparable with the previous reports [31, 104].

Fig.3.3(a) shows the variation in the lattice parameter ‘a’ of the cubic unit cell

and the coordinate (z, z, z) of oxygen ion corresponding to ‘32e’ Wyckoff position as

a function of Fe concentration ‘x’. Within the error due to instrumental broadening

and fitting, we can see that ‘a’ increases non-linearly with Fe concentration ‘x’ . It

is well known that Cr+3 prefers to occupy the octahedral site due to its very strong

crystal field stabilization of d+3 cation (t32g) in the octahedral crystal field [34, 105].

Hence, tetrahedral (0.25, 0.25, 0.25) as well as octahedral (0.5, 0.5, 0.5) coordinates
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Figure 3.1: X-ray diffraction patterns of Co(Cr1−xFex)2O4 samples for various values

of x recorded at room temperature on the powdered samples.

have been provided for Co & Fe ions in the refinement. We know that the ionic sizes of

Fe+3(∼0.785 Å) and Co+2(∼0.885 Å) are larger than the ionic size of Cr+3(∼0.755 Å)

in the octahedral crystal field. But, in tetrahedral crystal field Fe+3 has smaller ionic

size of ∼0.63 Å compared to ∼0.72 Å of Co+2. If Fe+3 occupy octahedral site, ex-

pansion in unit cell is straight forward. On the other hand, if Fe+3 occupy tetrahedral

site the same amount of Co+2 occupy octahedral site, expansion in lattice parameter

is possible. From this explanation, we can conclude that the Fe substitution for Cr
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Figure 3.2: Observed and fitted powder XRD patterns of CoCr2O4,

Co(Cr0.95Fe0.05)2O4, Co(Cr0.5Fe0.5)2O4 and CoFe2O4 samples. For the better clarity

of the Bragg positions, difference curve between observed and fitted profiles is shifted

downward.

in CoCr2O4 induced expansion in the unit cell length may be valid. From the refine-

ment we observed that upto x = 0.1, Fe ions mainly occupy B-site, beyond which

it is distributed in A and B-sites. The rate of increase in a reduces for x≥0.5 and it

signifies the substitution of Fe into the octahedral site more preferably. These observa-

tions of the ionic distribution at various Fe concentrations are in good agreement with

the cation distribution calculated from previous Mössbauer measurements [106–108].

Even the end compound of this series, i.e., CoFe2O4 in this study is found to exhibit

the saturation magnetization value similar to that Sawatzky et al. [50] in which they

observed considerably more presence(∼ 24%) of Co+2 in tetrahedral site. Decrease in
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Figure 3.3: (a) Variation of lattice parameter ‘a’ and the coordinate (z, z, z) of

oxygen ion with Fe concentration ‘a’ in Co(Cr1−xFex)2O4. (b) Variation of A−O−B

and B−O−B bond angles. (c) Variation of A−O and B−O bond lengths. Here, vertical

bars indicate the error in ‘a’ due to instrumental broadening and the fitting of data in

case of other parameters it only due to the error in fitting the data.

the oxygen coordinate towards 0.25 with increase in the Fe concentration may indicate

that the spinel structure is becoming less distorted spinel.

Fig.3.3(b) depicts how the bond angles corresponding to the nearest neighbour

superexchange networks of A−O−B and B−O−B vary with Fe substitution concen-

tration. Bond angle B−O−B decreases towards 90◦, but that of A−O−B increases

with increase in Fe concentration. The bond length of A−O decreases and that of

B−O increases slightly with Fe concentration [Fig.3.3(c)]. Influence of these struc-
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Figure 3.4: SEM images and EDAX spectra of Co(Cr1−xFex)2O4 samples.

tural changes on the magnetic properties are discussed in the later sections.

In addition to XRD studies, as shown in the left panels of Fig.3.4 microstructure

from the SEM images also confirm the phase purity of the samples. Typical particle

of the samples is found to be in the range of 1-2 µm. Chemical compositions obtained

from EDAX[right panels of Fig.3.4] analysis are found to be comparable to starting

compositions of the samples.
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3.3.2 Temperature and field dependent magnetic properties

Fig.3.5(a)-(l) demonstrate the temperature dependent magnetization of Co(Cr1−xFex)2O4

samples measured in zero field cooled (ZFC) and field cooled warming (FCW) mode for

the applied field of 1 kOe. In ZFC mode, initially the parent sample is cooled in zero

field from 300 K to 3 K and the field is applied at 3 K and then the data is measured

while warming up. In FCW mode, sample is cooled to 3 K in a static field from 300 K

and the magnetization is measured again while warming the sample by keeping the

same field is on. The parent compound CoCr2O4 exhibits FIM transition at around

TC = 94 K, and it can be seen from the plots that the TC increases systematically with

increase in the Fe concentration. The TC shifts above the room temperature, for the

Fe concentration above x = 0.5. It signifies that substituted Fe ions are strengthening

the superexchange interactions of the system. The magneto-structural transition at

TS ∼ 26 K and the lock-in transition, TL ∼ 13 K, initially do not get affected by

substituted Fe ions upto x = 0.1, but for x> 0.1 it moves towards low temperature

and vanishes for further higher concentrations.

In addition to all these features, the magnitude of the magnetization below TC de-

creases with Fe concentration and for x = 0.05 it exhibits reversal in the magnetization

below Tcomp in the FCW mode. But surprisingly, the ZFC magnetization data do not

show any sign change. The temperature at which the temperature dependent mag-

netization passing through zero(M = 0 axis) and going towards negative value called

compensation temperature, Tcomp. Tcomp can be seen to increase with Fe concentration

upto x = 0.1 and there after the samples do not show any magnetization reversal but

show a dip just below TC for x = 0.125. For higher Fe concentrations (≥ 0.5) we can

see a clear dip marked as TR. The ZFC and FCW curves show clear bifurcation below

TR. Another important feature more feature of ZFC curve with Fe concentration is

the sharpened transition at TS.

Nine panels (a)-(i) of Fig.3.6 display the field dependent magnetization (M-H )
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Figure 3.5: Temperature dependent magnetization of Co(Cr1−xFex)2O4 measured in

ZFC and FCW modes for the applied field of H = 1 kOe. Here TC , TS, Tcomp and TR,

respectively, are long range FIM transition, magneto-structural transition, compensation

temperature and the temperature at which the magnetization show dip, respectively.
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Figure 3.6: Field dependent magnetization of Co(Cr1−xFex)2O4 samples measured at

5 K measured after cooling the sample in zero field.

loops of Co(Cr1−xFex)2O4 samples at 5 K measured after cooling the sample in zero

field. With Fe concentration the magnitude of the magnetization at the field of 50 kOe

decreases upto the x = 0.05, thereafter it increases systematically. From the shape

of the M-H loop we can see that the magnetization do not show any signature of

saturation upto x = 0.05, this may signify ordering becomes AFM in nature. Above

this concentration samples exhibit again FIM behaviour. Fig.3.7 shows the coercive

field, HC and the saturation magnetization of all the samples at 5 K. MS is calculated

by fitting the high field part of M-H data to M(H)=χAFMH + MS, here χAFMH is

the AFM contribution to the magnetization. These two parameters show completely

opposite trend as a function of Fe concentration. HC increases upto x = 0.05 and

decreases while Ms decreases upto x = 0.05 and then increases. All these features
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Figure 3.7: Coercive field and saturation magnetization of Co(Cr1−xFex)2O4 at 5 K.

employs that the substituted Fe ions are affecting the magnetic structure of the system.

From the Fig3.5, we can see that the samples upto x = 0.125 exhibit multiple

magnetic transitions. For the deeper understanding of the magnetic behaviour of the

samples in this range we carried out detailed magnetization studies on the samples

with very closed Fe concentrations between x = 0.0 and 0.125.

3.3.3 Magnetic compensation and field induced transitions

Main panel of Fig.3.8(a) shows the temperature dependent magnetization measured

in field cooled cooling (FCC) mode (i.e., magnetization is measured while cooling the

temperature from above TC to 2 K with field on) of Co(Cr1−xFex)2O4 under the applied

field of nominal zero(∼10 Oe) to understand the absolute behaviour of magnetization

and hence different transitions. It is clear that MFCC(T ) of x = 0.044 sample is drawn

to zero and shows negative magnetization below T = 28.7 K [inset (i) of Fig.3.8(a)].

But it shows up turn as the magneto-structural transition evolves at around 24.9 K.

In case of x = 0.05, 0.075 and 0.1 samples the MFCC(T ) crosses M = 0 axis at Tcomp ≈

43.8 K, 67.8 K and 90 K, respectively. Below Tcomp, MFCC(T ) continues to be negative,
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Figure 3.8: Temperature dependent magnetization curves of Co(Cr1−xFex)2O4 sam-

ples measured in FCC mode for the applied field of (a) nominal zero (∼10 Oe) and (b)

70 kOe. Insets (i) and (ii) of (a) are enlarged views of compensation points of x = 0.044

and x = 0.11 samples, respectively.
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Figure 3.9: Temperature dependent MFCC of (a) Co(Cr0.95Fe0.05)2O4, (b)

Co(Cr0.925Fe0.075)2O4 and (c) Co(Cr0.9Fe0.1)2O4 samples under various applied fields

ranging from 100 Oe to 70 kOe (140 kOe for x = 0.075). In all the panels, TC , Tcomp,

TS and TR denote different transition temperatures.

and the magnitude of negative magnetization increases. Whereas, x = 0.11 sample

shows a peculiar behaviour, we can see the magnetic moments are fully compensated

compared to other Fe concentration in the series, due to which it exhibits compensation

at a temperature just below TC [inset (ii) of Fig.3.8] and the magnetization switches

to positive value easily with small applied field. As the Fe concentration increases

to a level of x = 0.125 all these features vanish and magnetization remains positive

throughout, without crossing M = 0 axis at any temperature, over the full tempera-

ture range below TC . The magneto-structural transition, TS [23, 28, 29] is also clearly

seen to exist with Fe substitution but move slightly towards lower temperature with

Fe concentration. Fig.3.8(b) dictates the behaviour of MFCC(T ) in Co(Cr1−xFex)2O4

under a large field of 70 kOe, where all the anisotropic effects vanish. The monotonic

decreasing trend of MFCC up to x = 0.11 below the TC is much more clear in this panel
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Figure 3.10: Applied field dependence of Tcomp and TR for Co(Cr1−xFex)2O4 samples

extracted from FCC magnetization while applied field varying from 10 Oe to 70 kOe

(140 kOe in case of x = 0.075).

and the MFCC(T ) at a temperature at which we noticed the Tcomp in the MFCC(T )

curve in the applied field of H ∼10 Oe. Below Tcomp, the situation reverses compared

to that observed in low field, MFCC(T ) is found to increase monotonically with Fe

concentration. We can understand that the field induced transitions commenced with

the application of large applied field.

Three panels of Fig.3.9, namely (a), (b) and (c), respectively, draw the atten-

tion onto how gradually the field induced transitions start appearing in MFCC(T ) of

Co(Cr0.95Fe0.05)2O4, Co(Cr0.925Fe0.075)2O4 and Co(Cr0.9Fe0.1)2O4 samples with increas-

ing applied field from 100 Oe to 70 kOe(140 kOe in case of x = 0.075 sample). In all

the panels, it is prominent that under small applied fields MFCC(T ) exhibits reversal

below the respective Tcomp. When the field is increased to critical value, MFCC(T )

exhibits field induced transition at TR. With increasing the Fe concentration, the
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Figure 3.11: Temperature dependence ofMR( the magnetization obtained after cooling

the sample under the field of 50 kOe from 300 K to 2 K, then drooping field the field

to ∼ 50Oe) measured under the field of 50 Oe, while warming from 2 K along with the

field cooled warming magnetization(MFCW (T )) measured in the same field (∼ 50 Oe).

critical field required for surfacing of turnover at TR decreases. In order to see how

much robust is the AFM ordering at Tcomp, derived from superexchange interactions

in these system, we carried out MFCC(T ) measurement of x = 0.075 sample under a

large field of 140 kOe, from this, it is evident that the dip at TR is broadened up but

the complete rotation of the moments is not possible even at this large field. While

increasing the field TC is broadened, as expected for a FIM/AFM ordering, whereas

transition at TS, doesn’t get effected too much but becomes sharp. Fig.3.10 depicts

how Tcomp and TR vary as a function of the applied field. It can be seen that the Tcomp

of each sample decreases with increasing field, thereby TR commences. With increase
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in field TR move toward high temperature, and reaches Tcomp under sufficiently high

fields but never exceeds the Tcomp.

To further elucidate the reversal in the magnetization at Tcomp, the temperature

dependent MR(T ) of Co(Cr0.925Fe0.075)2O4 and Co(Cr0.9Fe0.1)2O4 samples is presented

in Fig.3.11(a) and (b), respectively. To obtain MR at 2 K, first sample is cooled

in the applied field of 50 kOe then the field is decreased to 50 Oe and MR(T ) is

measured while warming. For the comparison MFCW (T ) under same field is also

plotted. We can see that these two are mirror image of another in the temperature

range T ≥ TS. One can understand that, these two measurements started with quite

opposite magnetic configurations, and hence, with different anisotropies at 2 K.MR(T )

doesn’t follow the path ofMFCC(T ) under 50 kOe, as shown in the Fig.3.9, in which the

moments are forced to align antiparallel to field across T ∗(≈ Tcomp) as a result, the total

magnetization is positive through out temperature, leaving a deep kink in MFCC(T ) at

TR. Whereas in MR(T ), since the small field (less than anisotropic field) the opposite

counterpart can’t rotate along the field at Tcomp, the magnetization changes sign across

Tcomp and merge withMFCW (T ) at TC as shown in the insets of Fig.3.11. The magneto-

structural transition observed in MFCC(T) at TS is also clearly seen in the MR(T )

at the same temperature TS. Another interesting feature is the lock-in transition

(transformation of incommensurate to commensurate spin-spiral [30, 31]) which is

hard to capture in MFCC(T ) is also very prominent in MR(T ) at TL. Hence, MR(T ) is

very efficient tool to resolve sensitive small fluctuations in the magnetic configuration.

3.3.4 Exchange bias effect

From the reports on the rare-earth inter-metallic systems [16–18, 20] and in core-shell

type magnetic nano particles [19], it has been found that the materials in which the

magnetization reversal appears are prone to exhibit the sign change in the EB across

the Tcomp. The study of EB effect in the compensated samples may reveal new features
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Figure 3.12: (a)-(i) 70 kOe field cooled M-H loops of Co(Cr0.95Fe0.05)2O4 sample at

various temperatures. The linear trend of M-H loop in the vicinity of Tcomp ≈43.8 K

indicate the quasi AFM behaviour of the sample.

in Co(Cr1−xFex)2O4 series.

To study the temperature dependence of EB effect, the field cooled (FC) M-H

loops are recorded by implementing the following procedure. Here, the specimen

was cooled in 70 kOe from 300 K to the target temperature at which we interested

in recording M-H loop, and thereafter the field was cycled between ± 50 kOe to

complete the M-H loop. In order to avoid the possibility of the sample history on

the M-H loop measurements, this entire process was repeated to obtain the M-H loop

at each and every temperature. Fig.3.12(a)−(i) show the 70 kOe FC M-H loops of

Co(Cr0.95Fe0.05)2O4 sample in the magnetically ordered state below TC(≈ 110 K). We

can see just below the TC at 100 K the sample exhibits soft FIM behaviour without

any opening in the loop. While decreasing the temperature it shows opening in the

loop and also reduction in the magnitude of magnetization. This may indicate that
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the contribution to the total magnetization is coming from two oppositely aligned

sub-lattices. Further lowering in the temperature towards Tcomp(≈ 43.8 K), we can

see that the behaviour of the loop seems to be AFM in nature with the collapsing

of the loop width. We observe the linear behaviour of M-H loop near Tcomp which

depicts the fact that the moments of the two sub-lattices are nearly compensated

at Tcomp. Again for the temperatures below Tcomp the bahaviour becomes FIM with

increasing the loop width upto 3 K. Overall, the considerable opening observed in

the M-H loop at little far away from Tcomp signify a large contribution coming from

the uncompensated moments and in the vicinity of Tcomp it becomes AFM because of

compensated moments.

A set of six panels in Fig.3.13 show the enlarged portions of 70 kOe FC M-H loops

of Co(Cr0.95Fe0.05)2O4 sample around the Tcomp ≈ 43.8 K. The small left shift of cen-

ter of gravity (CG) of M-H loop at 50 K> Tcomp(≈ 43.8 K) [Fig3.13(a)] signify the

appearance of positive EB[explained in the following section], which gets enhanced as

the temperature is decreased towards the Tcomp. For 44.5 K it can be observed that

the M-H loop is shifted as a whole to the left side [Fig3.13(b)]. With further decreas-

ing the temperature, M-H loop shift towards the origin[see Fig.3.13(c)] and becomes

symmetric about origin at Tcomp(≈ 43.8 K). For the temperature, below Tcomp, the

CG of M-H loop shifts towards right side and then bounce back to zero via 38 K as

shown in Fig3.13(f). Thereafter the shift in the loop vanishes upto TS, below which

again it switches to left. Change in the sign of the shift along with the collapse of the

M-H loop, which otherwise could not observed in the pristine compound of CoCr2O4,

signify the pronounced temperature dependent changes in the spin configurations of

Fe substituted samples. As depicted in the Fig.3.14, we can also see the similar trend

of the sign change in the shift of the loop in case of the Co(Cr0.925Fe0.075)2O4 sample

across Tcomp ≈ 67.8 K.

Nine panels (a)−(i) of Fig.3.15 demonstrate the highlights of 70 kOe FCM-H loops
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Figure 3.13: (a)-(f) Enlarged portions of 70 kOe FC M-H loops of Co(Cr0.95Fe0.05)2O4

sample in the vicinity of Tcomp ≈ 43.8 K recorded by implementing the procedure ex-

plained in the text.

measured at various temperatures in the magnetically ordered state for 5%, 7.5% and

10% Fe substituted samples. We define EB field, i.e., the measure of the amount

of shift in the M-H loop along the field axis and the effective coercive field, i.e., the

effective half width of M-H loop and the vertical shift in the loop in the following

manner,

Heff
C =

(HC+ −HC−)

2
(3.1)

HEB = −
(HC+ +HC−)

2
(3.2)

MEB =
(Mrem+ +Mrem−)

2
(3.3)
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Figure 3.14: (a)-(f) Enlarged portions of M-H loops of Co(Cr0.925Fe0.75)2O4 sample

in the vicinity of Tcomp ≈ 67.8 K.

Here HC+ and HC− represents the right and left field values of M-H loop where

the net magnetization crosses the M = 0 axis. Whereas Mrem+ and Mrem− are the

remanent magnetization values while varying the field from +50 kOe and −50 kOe

to zero, respectively. As shown in Fig.3.15(a), 3.15(d) & 3.15(g), Heff
C (T ) of three

samples display complicated behaviour. As the temperature approaches Tcomp from

both, below as well as above, Heff
C (T ) exhibits diverging trend, but dramatically

sharply falls to a local minima at their respective Tcomp. The local minima value

drops to zero for 5 at% Fe sample as expected for for the case of zero-magnetization

system; however with increasing Fe concentration minima value increases. We can

also see that Heff
C (T ) exhibits anomalies across TS and TL. Now let us focus on

to the striking key features in the temperature dependence of HEB(T ) and vertical
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Figure 3.15: Temperature dependence of Heff
c , HEB and MEB extracted from

70 kOe FC M-H loops of Co(Cr0.95Fe0.5)2O4 sample (panels (a), (b) and (c)),

Co(Cr0.925Fe0.75)2O4 sample (panels (d), (e) and (f)) and that of Co(Cr0.9Fe0.1)2O4

sample (panels (g), (h) and (i)), respectively. The top x-scale of (a), (d) and (g) panels

shows the reduced temperature(t). The collapse in Heff
c in the vicinity of Tcomp can be

seen to happen in the window −0.1 ≤ t ≤ 0.1.

shift MEB(T ). Initially, HEB is immune to temperature upon lowering below TC ,

but suddenly rises to a positive maximum value, then falls sharply to change sign

across Tcomp, below which it increases to a negative maximum value and becomes zero

again. We can see that in the temperature range TS≤T≤TC , HEB(T ) appears only in a

temperature window located in the close proximity of Tcomp, in which Heff
C (T ) exhibits

sharp fall[Fig.3.15(a), (d) & (g)]. It can be seen that the samples exhibit positive

HEB(T ) value below TS, thereafter HEB(T ) also show an anomaly at around T = TL,

designated as the lock-in transition. Upon lowering the temperature below TL, HEB
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Figure 3.16: HFC dependence of HEB of Co(Cr0.925Fe0.075)2O4 sample at (a) 69 K

(i.e., well above Tcomp) and (b) 65 K (i.e., well below Tcomp). Inset of (b) is the HEB

verses HFC at 65 K on log scale. (c) and (d) show a enlarged portion of different FC

M-H loops at 69 K and 65 K, respectively.

sharply increases. We can see that all the samples exhibit the similar temperature

dependent vertical shift MEB. Magnitude of the HEB and MEB(T ) decrease with

increasing the Fe concentration.

For the deeper understanding of EB, we also measured cooling field (HFC) depen-

dence of the HEB. Fig.3.16(a) & (b), respectively, show the HFC dependence of the

HEB of Co(Cr0.925Fe0.075)2O4 sample at 69 K and 65 K, i.e., well above and below

Tcomp ≈ 67.8 K(exactly where we obtained the maximum EB as shown in Fig.3.15(e)),

upto a large enough field of 140 kOe. At 69 K, as it is evidenced from the enhancing

the left shift of M-H loop [Fig.3.16(c)], with increasing the HFC from zero to few Oe,

the magnitude of positive HEB sharply rises. Beyond this HFC, HEB slowly increases
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Figure 3.17: Temperature dependence of Mrem and χhf computed from 70 kOe

FC M-H loops for Co(Cr0.95Fe0.5)2O4 sample(panels (a) and (b)), Co(Cr0.925Fe0.075)2O4

sample(panels (c) and (d)) and that of Co(Cr0.9Fe0.1)2O4 sample(panels (e) and (f)),

respectively.

upto HFC = 140 kOe. Compared to the trend observed at 69 K, HFC dependence of

HEB at 65 K exhibits exotic behaviour. As shown in the Fig.3.16(b) as the HFC in-

creases from zero, magnitude of the negative HEB sharply increases upto HFC ∼2 kOe.

Beyond HFC ∼2 kOe, HEB decreases non-monotonically upto HFC ∼140 kOe. Sur-

prisingly, HFC ∼2 kOe matches with field for which MFCC switches to positive sign

below Tcomp (in case of x = 0.075 sample it is ∼ 2 kOe as shown in Fig.3.9(b)). All

these features can be seen in Fig.3.16(d) in the form of right shift in M-H loop as well.

Quick rise of HEB with HFC below 2 kOe, where MFCC switches to positive for the

first time below Tcomp[Fig.3.9(b)] is reminiscent of the influence of the field induced

transition(Fig.3.9(b)) on the HEB.

The additional interesting information that can be derived from the 70 kOe FC

M-H loops are remanent magnetization (Mrem) measured while dropping the field

from 70 kOe to zero and high field susceptibility (χhf), extracted from the slope of the

M-H loop at high fields(≥20 kOe). Here, Mrem is from zero field and the other hand
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χhf is from high field regime, at which all the anisotropic effects vanish. Temperature

dependence of these two parameters for different samples are demonstrated in the six

panels of Fig.3.17. The importance of these plots is that though Mrem and χhf are

related to two different regimes of field, as the T → Tcomp from above and below, both

exhibit same trend, we can see they drop to a minima and show near zero values.

Within the local minima, χhf (T ) exhibits a tiny peak between the temperature values

where HEB(T )/MEB(T )[see Fig.3.15] exhibit maxima just below and above the Tcomp

but Mrem(T ) do not show any peak. In addition to this, it can be seen anomalies

surfaced in Mrem(T ) on the onset of TS and TL get enhanced in χhf(T ). All these

features may suggest the field induced changes in the magnetic structure of the samples

as noticed in the theromomagnetic response[Fig.3.9].

3.3.5 Thermodynamic properties

Thermodynamic properties are efficient tools to probe various magnetic transitions.

We explored the thermodynamic properties in the presence and absence of external

applied magnetic field to understand the intricate magnetic properties observed in the

temperature and field dependent magnetization MFCC(T ), HEB(T ), χhf(T ). Main

panels of Fig.3.18(a) and (b), respectively, show the temperature dependent heat ca-

pacity (CP (T )) of Co(Cr0.95Fe0.05)2O4 and Co(Cr0.925Fe0.075)2O4 samples under the

applied magnetic fields of H = 0, H = 50 kOe & H = 90 kOe. λ-type jump observed

at around T = 110 K and 117 K, respectively, represent their FIM transition as we

noticed in thermomagnetic properties[Fig.3.9]. The sharp and large peak, reminiscent

of first order nature, observed at around T = 24 K and 23 K for the Co(Cr0.95Fe0.05)2O4

and Co(Cr0.925Fe0.075)2O4 samples, respectively, is due to the magneto-structural tran-

sition. This unusual jump in CP (T ) at TS may represent the transition from one

magnetic configurations to another across TS. With increasing the Fe concentration,

the transition at TS seems to become less intensive, as witnessed from the decreasing
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Figure 3.18: (a) and (b) CP (T ) of Co(Cr0.95Fe0.5)2O4 and Co(Cr0.925Fe0.75)2O4 sam-

ples, respectively, in zero magnetic field, under the applied field of 50 kOe & 90 kOe.

Insets (i) and (ii) of in both the panels are the enlarged view of CP (T ) across the TS

and CP (T )/T across Tcomp, respectively.
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across Tcomp as function of applied field. Here error is smaller than size of the symbols

given in the plots.
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trend of height of CP (T ) peak. Hence, it can be pointed out that the Fe ions get

substituted for Cr and strongly manipulate different superexchange interactions of the

system by sitting in lattice, rather than forming their won clusters in the host lattice.

Further, applying the large field of 50 kOe and 90 kOe smears the TC , as expected

for usual FIM/AFM/FM ordering. On the other hand, if the magnetic ordering near

TS has FIM/AFM/FM like character, then the peaks would have broadened out upon

increasing the applied field instead of shifting toward the lower temperature[ inset (i)

of Fig.3.18(a) & (b)]. It can be understood that the in case of Fe substituted samples,

the transition at TL is seems to be hard to detect in heat capacity measurements.

This may dictate that the transformation of spin-spirals from high temperature in-

commensurate phase to low temperature commensurate phase across TL is becoming

weak in terms of the energy difference between these two phases compared to the

pristine CoCr2O4 compound. However it can be noted that in case of CoCr2O4 also

transition across TL is not feasible in zero-field specific heat but only in 14 T, a small

peak appears[31]. In addition to all these existed transitions, shown in the inset (ii)

in both Fig.3.18(a) and (b) another CP (T ) anomaly surfaces at around Tcomp or TR(∼

43.8 K and 67.8 K) which is absent in zero field are indicative of the fingerprints of a

field-induced transition, as observed in the high field MFCC(T ) data[Fig.3.9(a)].

Magnetic field induced enhancement in heat capacity, Cm across Tcomp is calculated

by

Cm =
[CP (T,H)− CP (T, 0)]

CP (T, 0)
(3.4)

here CP (T, 0) and CP (T,H) are CP (T ) under zero field and under applied field(H),

respectively. Fig.3.19(a) and (b) demonstrate the temperature dependence of such Cm

under different applied fields across Tcomp for Co(Cr0.95Fe0.05)2O4 and Co(Cr0.925Fe0.075)2O4

samples, respectively. From the Fig.3.19(a), it is prominent that as the applied field

increases, anomaly in Cm of Co(Cr0.95Fe0.05)2O4 at Tcomp increases sharply up to

H = 70 kOe, beyond which it is broadened out. Compared to the Co(Cr0.95Fe0.05)2O4
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sample, Cm of the Co(Cr0.925Fe0.075)2O4 becomes weak almost decreases by a factor of

2(see left scale is multiplied by 2). In both the samples, the broadening of anomaly

in Cm with increasing field is again indicate that the moments are in AFM ordering

across Tcomp.

Change in magnetic entropy involved in the field-induced transition across Tcomp(mostly

in the temperature window where we noticed seizable magnitude of HEB) is estimated

by

∆Smag(T )|H =

∫

CP (T )

T
dT (3.5)

It can be seen the height of ∆Smag(T ) jump in Co(Cr0.95Fe0.05)2O4[Fig.3.19(c) & (d)]

rises upto H= 70 kOe and falls down afterwards[inset of Fig.3.19(c)] in corroboration

with Cm. Co(Cr0.925Fe0.075)2O4 sample exhibits comparatively less height in ∆Smag(T ).

But in Co(Cr0.925Fe0.075)2O4, ∆Smag(T ) increases upto the field of H = 90 kOe. How-

ever, we can not compare as the Tcomp of two samples is different and the contribution to

∆Smag(T ) is also different. One can see that the ∆Smag(T ) become less effective with

increasing Fe concentration in corroboration with the magnitude of HEB(T ) across

Tcomp[Fig.3.15(b), (e) & (d)]. Anomaly in Cm might have started at critical value of

H , at which MFCC(T ) shows turnover at TR, but with tiny difference of energetics of

the system that cannot be accounted to Cm.

3.3.6 Magnetic relaxation properties

It is well known that the magnetization relaxes as the time elapses if the magnetic

system consists of glassy behaviour [109]. Hence, the time dependent magnetization

measurement is useful to probe the the glassy behaviour of a magnetic system. Here

the sample is cooled down in the applied field of zero to the required temperature at

we were interested to carry out the time dependent magnetization. Fig.3.20(a) and

(b) show the time dependent magnetization of Co(Cr0.925Fe0.75)2O4 sample measured
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Figure 3.20: (a) and (b) Time dependent magnetization of Co(Cr0.925Fe0.75)2O4 sam-

ple at 69 K and 65 K, respectively. (c) Magnetization measured in FCC (with two stops

at 69 K & 65 K) and FCW mode together with the HEB(T ) across Tcomp.

at 69 K and 65 K(the temperatures above and below Tcomp ∼67.8 K, at which the

temperature dependent EB exhibits maximum), respectively. We can see that the

magnetization do not exhibit any significant relaxation as a function of time at both

69 K and 65 K. One more characteristic of glassy system is the memory effect. If a

glassy system is allowed to relax at different temperatures in the magnetically ordering

regime while cooling the sample, it remembers its former relaxed states while warming

the sample [109]. Fig.3.20(c) demonstrate the magnetization measured while cooling

with two stops at temperatures 69 K and 65 K for Co(Cr0.925Fe0.75)2O4 sample. We can

see that the sample does not show any significant amount of change in magnetization

at 69 K and 65 K as it is allowed to relax. The warming curve also does not exhibit

any memory effect. Absence of relaxation and memory effect may dictate that the

samples are not possessing any glassy behaviour.
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3.4 Discussion

As per the literature available on parent compound CoCr2O4, no compensation effect

was observed except in the ZFC curve [104] that was attributed to the experimental

artifact incorporated due to negative trapped field in the superconducting magnet of

the magnetometer [110]. Due to weak GMF in the pyrochlore(B) lattice CoCr2O4

forms non-collinear spin-spirals with three magnetic sub-lattices namely Co, Cr1, and

Cr2 [23, 28, 29, 67]. Due to the said geometrical frustration, even though long range

order of A-site(Co+2) persists above TS and below TC , the magnetic moments cor-

responds to B-site(Cr1 and Cr2) are still in disordered state and form short range

spin-spirals [28, 29, 31, 71]. Hence, even the ultra high fields are not able to induce

full net moment of 3 µB/f.u, if we assume that the magnetic structure is collinear in

temperature range TS 6 T 6 TC [31, 32].

Prima facie, thermomagnetic response under nominal zero field[ Fig.3.8(a)], it can

be realized that the Fe substitution results in the reduction of the total magnetization

and causes the magnetic compensation in x = 0.044−0.11 samples. From this strik-

ing feature, combining with XRD analysis, it can be understood that the substituted

Fe ions mainly occupy B-site, otherwise we could not observe this trend according

to the ground state magnetic configuration of CoCr2O4 as explained above. Fig.3.21

show the schematic block diagram of the magnetic configuration to unveil the un-

derlying reason behind the magnetization reversal and the field induced transitions

across Tcomp. In order to avoid the complexity in understanding we consider only the

‘longitudinal components’ (along the field) of the moments of different sub-lattices

in the compound. As shown in the Fig.3.21(a), below TC , for the small applied fields,

Cr1, Cr2 and Fe moments in the B-site start aligning in such a way the resultant

moment of B-site anti-parallel to A-site moment(which is already aligned along the

field direction). This makes sure that the µA > µB for T > Tcomp. At Tcomp, B-site

moment compensates the A-site moment, results in the zero net moment. Thereafter,
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applied field to explain the EB effect in the two temperature regions TS < T < Tcomp

and Tcomp < T < TC caused by high field cooling.
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the resultant moment of B-site dominates that of the A-site moment along H , i.e.,

µB > µA for T < Tcomp, reversal in magnetization is observed below Tcomp as indicated

in Fig.3.21(b). Reversal in magnetization continues to appear for the field H < Hcritical

(Hcritical is the field at which the net magnetization switch back to positive as shown in

Fig.3.21). This may be because of the directional anisotropy (which aligns moments

in a particular direction, makes that particular direction favourable with minimum

energy) dominates the small applied field. This means the internal field developed due

to anisotropy is in the order of Hcritical but aligned anti-parallel to the applied field.

With large enough field, H > Hcritical this anisotropic effect vanishes and then all

the domains align to the field, the magnetization behaviour of compensated samples

across Tcomp can be explained by the (c) and (d) configurations of schematic(3.21).

For the applied fields H > Hcritical, in the region Tcomp < T < TC magnitude of the

A-site moment enhances and the net magnetization increases. But below Tcomp the

field is now able to rotate the moments which were aligned opposite(trying to domi-

nate the field) to it in the B-site. This results in the spin reorientation(SR) compared

to that of the configurations (b) and (c). Hence, below Tcomp the MFCC(T ) under

H > Hcritical is mirror image of the trend observed if H < Hcritical[Fig.3.21]. Similar

SR was observed in case of compensated admixed alloys of (Sm,Gd)Al2 [18, 111, 112],

Nd0.75Ho0.25Al2 [17].

Now, let us explain the possible origin for the HEB(T )(and MEB(T )), its sign

change at Tcomp. From the relaxation and memory effect measurements it can be

claimed that the samples are certainly not of glassy in nature. Further, it has been

anticipated that the conduction electrons and core-shell geometry play vital role in

the appearance of EB [16–20]. It is known that the present oxides are insulators, do

not possess any conduction electrons. From the SEM images[see Fig.3.4] it is found

that the present samples have 2-3 micron size grains, it can be understood that there

is no possibility of core-shell geometry. So the existing models do not explain the EB

in this system in which the conduction electron polarization and the shell magnetic
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components are replaced by rigid magnetic moments.

While field cooling the sample from TC under the large applied field(70 kOe) ini-

tially A-site moments undergo ordering then that of the B-site moments [28, 71], for

T > Tcomp system ends up in the configuration shown in the Fig.3.22(i). Here we can

see A-site moments align along the field direction and the B-site has antiferromagnet-

ically aligned moments within it. Configuration (i) in Fig.3.22 resembles the model

explained in the introduction chapter [see Fig.1.9]. Due to field cooling A-site mo-

ments get pinned to the B-site moments. Because of this pinning the A-site moments

do not rotate easily along the field direction when the field is reversed to record the

M-H loop. Hence, during the descending branch of the M-H loop more field is require

to rotate the moments against the pinning force. However, for large enough measuring

field the A-site moments are forced to rotate along field as shown in the schematic

(ii) of Fig.3.22. But, during the ascending branch of the loop they readily respond

to the field as the pinning due to the B-site moments exerts the torque in the same

direction of field. So less magnetic field is required to attain the configuration (i) from

(ii). Hence, resultant loops shift towards negative side on the field axis and upward on

the magnetization axis. Hence gives rise to positive HEB for T > Tcomp. Difference

between the model described for FM−AFM interface [Fig.1.9] and the present homo-

geneous sample sample is, in former the AFM configuration do not get changed but in

the later rotations of all the moments takes place due to the strong internal molecular

fields among different sub-lattices.

Field cooling of the sample across Tcomp causes SR, resulting in the configuration

(iii) for TS < T < Tcomp. It can be seen that below Tcomp Cr2 and Fe moments are

forced to align along the field direction and other moments also follow them owing to

the strong internal molecular fields among different sub-lattices as shown in schematic

(iii) of Fig.3.22. We can see that the configuration (iii) is exactly opposite to that of
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(i), hence the shifting in the loop for T < Tcomp is opposite compared to the case

observed for T > Tcomp. In detail, we can understand it in the following manner.

As the moments are forced to align along the field direction in the configuration (iii),

during the descending branch of M-H loop moments readily respond to the field to

attain configuration (iv)(which is energetically unfavourable). Whereas, during the

ascending branch of M-H loop, moments do not rotate easily when the field is rotated

from negative to positive. From this it is easy to understand that the resultant M-

H loops below Tcomp shift towards positive field on field axis and downward on the

magnetization axis, resulting in the negative HEB for T < Tcomp. If the moments

are fully compensated the pinning on the FM part is more, and gives rise to more

EB. The collapse of the hysteresis loop (Fig.3.12, Fig.3.14 & top panels of Fig.3.15)

is reminiscent of the strongly coupled AFM ordering or fully compensated moments

in the vicinity of Tcomp. Away from Tcomp magnetic ordering becomes FIM (Fig.3.12

and Fig.3.14), and as a result moment along field dominates and its counter part can’t

compete with it. While cycling the field in M-H loop, dominated one respond to

field readily and the counter part follow it. Hence, no shifting in M-H loop can be

observed. Further, it can be also noted that the magnitude of HEB is more if the

sample is close to the zero-magnetization proximity(H = 0, M = 0 at T → Tcomp).

From the Fig.3.23, the collapsed M-H loop of the sample with composition x = 0.05,

shows that the moments are fully compensated at T ∼ Tcomp. But, with increasing

Fe concentration, rigidity of the AFM ordering decreases and exhibits considerable

opening in the M-H loop, as a result, sample is driven away from zero-magnetization

proximity(Heff
C andMrem do not drop to zero at T → Tcomp). Due to this, the effective

pinning on the FM component decreases and hence the magnitude of HEB decreases.

Very useful information can be derived from the non-monotonic behaviour of HFC

dependent HEB of x = 0.075 sample on both sides of Tcomp(specially at 65 K < Tcomp),

exactly where maxima are noticed in HEB(T ). This non-monotonic behaviour probe

influence of the field induced SR on the EB. HEB exhibits maximum at HFC ∼ 2 kOe
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at which the SR takes place as shown in Fig.3.9(b). Decrease in HEB with the further

increase in HFC above ∼ 2 kOe signifies that the configuration obtained after SR is

stabilized with large applied field. Sign change of HEB with HFC, that was observed

in other compounds [20, 21, 113] is not possible in the present compound within the

large field of 140 kOe because the strong AFM ordering in the vicinity of Tcomp can’t

be broken even at the field of 140 kOe as shown in Fig.3.9(b). From this characteristic,

concomitantly with the survival of HEB it could be understood that the origin of HEB

is different from other systems.

By considering molecular level exchange interactions for a homogeneous FIM sys-

tem Webb et al. [114] predicted that the the collapse in Heff
C (T ) to commence when

T → Tcomp for a normalized temperature,

t′ =
(T − Tcomp)

Tcomp

< 0.01 (3.6)

However, even in case of ideally homogeneous single crystalline sample of Nd0.75Ho0.25Al2

the collapse in Heff
C (T ) is found to happen in ∆t′ ≤ 0.1 [17]. The collapse of Heff

C (t′)

in the plot of Heff
C (t′) vs. t′ (see top panels of Fig.3.15 in view of top x-scale) in the

window, ∆t′ ∼ 0.1 is comparable to that observed in case of ideally homogeneous sin-

gle crystal of Nd0.75Ho0.25Al2 [17]. This, including with the rigid transition at TR even

at 140 kOe indicate the molecular level FIM ordering and hence the intrinsic origin of

the EB effect in these compounds.

Switching of the sign of HEB(MEB) again at around the magneto-structural tran-

sition TS in the positive direction, and their anomaly around lock-in transition TL

are surprising. We know that in CoCr2O4 [23, 24], there is spin-flop transition across

TS, as the magnetic configuration changes from collinear to conical spin-spiral. Sub-

stituted Fe+3 has larger moment compared to Cr+3 ion and the conical spin-spirals

get disturbed. Observation of EB below TS indicates interconnection between HEB

and spin-spirals below TS. The steep rise in HEB(MEB) below TL could be due to
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Figure 3.23: M-H loops of x = 0.05, 0.075 & 0.1 samples at their compensation

temperature T ∼ Tcomp. Inset depicts the M-H loops in the full scale.

the freezing of moments at low temperatures in its commensurate conical spin-spiral

phase. This could be the possible origin for the EB in below TS. The decrease of

magnitude of EB in the conical phase with Fe substitution above x = 0.05 could be

due to the migration of little bit amount of Fe+3 in to the A-site, due to which the

conical spin-spiral is expected to become less effective [115]. Similar kind of double

switching of sign of the temperature dependent HEB(MEB) is recently observed in

rare-earth intermetallic system Sm0.975Gd0.025Cu4Pd [16].

Finally, the outcome of field induced anomaly in χhf (T ), Cm(T ) and the sharp jump

in ∆Smag(T ), across Tcomp when the field exceeds a critical level, manifest the signa-

ture of change in the energetics of the system presumably due to the underlying SR.

Moreover, the curious perception of χhf(T ) and Cm(T ) data reveals that the anomaly

start growing towards Tcomp, where HEB(T ) exhibits maxima and Heff
C (T ) start col-
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3. Studies in Co(Cr1−xFex)2O4 series

lapsing down on both sides of Tcomp. In addition, HEB(T ) appears again at around

TS at which we noticed huge peak in χhf (T ) & CP (T ) and small localized minima in

Heff
C (T ). These features witnesses the strong correlation between SR/spin-flip and

the EB across Tcomp/TS. Previously, these unexpected field induced transitions were

noticed by Chen et al.[111] in the context of zero-magnetization alloy of (Sm,Gd)Al2

across Tcomp, and attributed to the lowering of the magnetic symmetry due to the

reorientation of fully compensated moments corresponds to orbital, spin and that of

unequally coupled soft polarized conduction electrons to them. This makes sure that

there is a change in the energetics of the system across Tcomp. In the present compound,

conduction electrons are not available, but it is known that, the competition among

the superexchange interactions along the chains Co−O−Co, Co−O−Cr, Co−O−Fe,

Cr−O−Cr, Cr−O−Fe and Fe−O−Fe in the spinel structure leads to the domination

of magnetic moments of A and B-sublattices at different temperatures. Hence, the SR

demonstrated in Fig.3.21 may respond to field in complicated manner across Tcomp.

In order to have the rough estimation of the amount of rotations of the spins across

Tcomp, we have calculated the ∆Smag(T ) related to the possible changes in the spin

configuration for x = 0.05 sample across Tcomp. According to simple classical Heisen-

berg model [116, 117], energy of spinel compound can be written as

E = −
∑

i,j

JijSi·Sj −
µBH

2π

∫ π

0

(

gi
∑

i

Sz
i + gj

∑

j

Sz
j

)

× sinφdφ (3.7)

In eq.3.7, first term is the magnetic exchange energy of the system over all the possible

intra and inter NN moments of sub lattices A and B. Second term is the magnetic

energy due to the external magnetic field, H and here the integration factor is to

account for all the randomly oriented grains in the polycrystalline sample [118]. These

calculations conclude,
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i) Change in the entropy calculated by assuming the change in any of the super

exchange interaction from AFM to FM across Tcomp by considering the superexchange

interactions calculated from first principles [116] and spin only moments of all the

magnetic ions leads to the large ∆Smag(T ) value by a few orders of magnitude com-

pared to the observed experimental value. Hence, the sign change of the exchange

interaction is not possible with the field up to 140 kOe, only the reorientation in spin

configuration and the associated magnetic energy is changing.

ii) Now we calculated the amount of ∆Smag(T ) required to change their configu-

ration across Tcomp for various possible reorientations. Among all the possible reori-

entations in the configuration we attempted, the one shown between (c) and (d) of

schematic of Fig.3.21 posses the calculated ∆Smag(T ) comparable to the experimental

value. For the experimental value of ∆Smag(T ) under 50 kOe spins in B2-site & A-site

rotate fully 180◦ where as the disordered B1-site rotate only by 20−30◦. This looks

feasible in the point of view of our magnetization data. Decrease in the ∆Smag(T )

involved in SR/spin-flop across Tcomp/TS with Fe concentration well supports the re-

duction of the magnitude of the HEB(T ) as we predicted before.

3.4.1 Magnetic phase diagram

By combining all the magnetic and thermodynamic properties we constructed the

magnetic phase diagram of Co(Cr1−xFex)2O4 as the Fe concentration x varies from 0.0

to 1.0. The evolution of the magnetic states in Co(Cr1−xFex)2O4 depending on the

Fe concentration and temperature that follows from our studies can be interpreted

within the phase diagram shown in Fig.3.24. We can see that Co(Cr1−xFex)2O4 series

consists of very rich magnetic phase diagram. The FIM transition temperature TC is

the boundary between the the paramagnetic(PM) phase and that of the long range

FIM ordering in Co(Cr1−xFex)2O4. The parent CoCr2O4(x=0.0) exhibits four mag-

netic phases as a function of temperature, i.e., paramagnetic(PM) above TC , mixed
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Figure 3.24: Magnetic phase digram of Co(Cr1−xFex)2O4. For T≥TC all the samples

exhibit paramagnetic (PM) state. TS separates the collinear FIM ordering and that of

the non-collinear spin-spiral ordering. TL separates the incommensurate spin-spiral and

that of commensurate spin-spiral phase. Tcomp is the boundary between the B-site and

A-site dominated regimes of the series.

phase of long range collinear plus short range spin-spiral in the temperature range

TC≥T≥TS, which turnout to be full incommensurate spin-spirals for TS≥T≥TL and

below TL it crosses over to commensurate spin-spiral. In addition to all these phase

transitions, with increasing the Fe concentration to 0.044 another phase transition,

i.e., magnetic compensation (which turnout to be field induced spin reorientation in

high fields) arises. Further, it can be also noted that compensated regime also offers

the exchange bias across the phase transitions. For the lower concentrations of Fe the

phase boundary between the coexisted long range collinear & short range spin-spirals
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Figure 3.25: M(T ) curves of Co(Cr0.9Fe0.1)2O4 sample measured in ZFC, FCC and

FCW modes for the applied field of 1 kOe. Here, TFCC
SR and TFCW

SR are spin reorientation

transitions in FCC and FCW curve, respectively.

and that of long spin-spirals do not get affected too much upto x = 0.1. But, with

increasing the Fe concentration beyond x = 0.1, this phase transition sharply move

towards lower temperature and disappears. This feature can be understood by con-

sidering the the LKDM u parameter as explained in the introduction section. As long

as the majority of Fe is in the octahedral site, u parameter slightly increases, but still

in favour of the formation of spin-spirals on the short ranges. This may be the reason

behind the very sharp transition at TS in the ZFC curve for lower Fe concentrations.

But beyond x = 0.1, the magnitude of µA and JAB dominate over µB and JBB, results

in the reduction of u parameter and hence the GMF in the pyrochlore lattice. We

can also see the similar kind of feature in case of the phase transition between the

incommensurate and commensurate spin-spiral phases, which seems to be much more

sensitive for the Fe concentration. All these observations are in line with the ionic
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Figure 3.26: Field-temperature(H-T ) phase digram of Co(Cr1−xFex)2O4 for x = 0.05,

0.075 and 0.1 samples. Different transition temperatures as a function of applied field

are taken from the temperature dependent magnetization in different modes as shown

in the Fig.3.25.

distribution noticed from the XRD analysis. Area of the long range collinear phase

increases as a function of Fe concentration and gradually effect of short range spin-

spirals also decreases, finally for rich Fe concentrated samples magnetic order become

fully collinear. In addition to the partially inverted spinel structure the reduction in

the bond angles of B−O−B path may also helps to enhance the FM contribution to

the total magnetization in the Fe rich concentrated samples.

Fig3.25 shows the temperature dependent magnetization Co(Cr0.9Fe0.1)2O4 mea-

sured in ZFC, FCC FCW modes. One can see that the FCC curve while cooling from

TC , initially it exhibits the reversal in magnetization and then a spin reorientation(SR)
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transition at T FCC
SR as explained. The FCW curve absolutely follows the FCC curve

below the magneto-structural transition, TS. But above TS it completely deviates,

show huge irreversibility with the FCC curve and also exhibits the SR transition at

temperature T FCW
SR much higher compared to T FCC

SR and Tcomp. From this we can

understand that the SR transitions in compensated samples are metastable in nature.

In order to estimate how strong metastable is this SR transition, we carried out the

ZFC, FCC and FCW magnetization under various fields ranging from few 10 Oe to

140 kOe for three samples with x = 0.05, 0.075 and 0.1 samples. The Tcomp, T
FCC
SR &

T FCW
SR of all the samples for all applied field are extracted and constructed a field(H ),

temperature(T ) and Fe concentration(x) phase diagram as shown in the Fig.3.26. It

is interesting to see that for the low H values there is no metastability and all the

samples exhibit only Tcomp, as H increases the metastability arises. Here the shaded

region indicates the amount of the metastability in the SR transition. Width of the

metastability first increases and for the higher H values again decreases and finally for

large enough fields it vanishes. It can be also seen that the amount of field to kill the

metastability decreases as the Fe concentration and also the width of metastability

also decreases. Further it may be also understood that the magnitude of exchange

bias also proportional to the amount metastability in the SR.

3.5 Summary

To conclude this chapter, we have investigated the detailed structural, thermo-magnetic,

isothermal-magnetization, EB effect, and thermodynamic properties of Co(Cr1−xFex)2O4

series under up to large field of 140 kOe. As the function of Fe concentration the

FIM transition systematically enhances, for the lower Fe concentrations the magneto-

electric transitions prevails but decreases sharply and disappears. It is also observed

that few percent of Fe substitution for Cr in CoCr2O4 drive the system to zero-

magnetization limit, results in the magnetization reversal below Tcomp under low ap-
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plied fields, which turnout to be field induced SR across Tcomp. In the compensated

stoichiometry, the EB field, evaluated from unusual hysteric behaviour, is elucidated to

change sign across Tcomp, for the first time in a multiferroic compound and is replica to

the recent findings [17, 18] in the context of rare-earth intermetallics. In addition, the

search and identification of EB effect in the conical phase below TS unveils the richness

of physics in the Co(Cr1−xFex)2O4 system. Later, the excellent platform we established

from the thorough analysis of thermodynamic properties endeavour the understanding

of the physical origin of the emergence of EB and the switching of its sign across Tcomp

and TS. Different anisotropy formed at different temperatures due to the field induced

SR and spin-flop, caught from in field & out of field thermodynamic properties and the

high field susceptibility, could be the possible underlying origin. We constructed the

Fe concentration dependent magnetic phase diagram for the Co(Cr1−xFex)2O4 series.

It exhibits very rich magnetic phase diagram, it offers various magnetic phases emerges

at different levels of Fe substitution. In case of compensation regime of this series the

metastability plays a main role on the field-temperature magnetic phase diagram.
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Chapter 4

Studies in Co(Cr1−xCox)2O4 series

4.1 Introduction

We noticed that the substitution of ‘Fe’ for Cr-site in CoCr2O4 influences its mag-

netic properties and the underlying magnetic phase diagram in a significant manner.

‘Fe’ substitution also leads to the emanation of novel phenomena of magnetization

and EB field reversal across the Tcomp. Another unique characteristic feature is the

observation of the EB effect in the non-collinear spin-spiral phase below TS and more

significantly below TL, at which the complex incommensurate conical spin-spiral mag-

netic order with propagation vector of (0.63, 0.63, 0) observed at TS [28, 29] crosses

over to a commensurate spin-spiral order with propagation vector of (2/3,2/3,0) [30].

Below TL, the spin configuration locks to the lattice [24]. It seems that the ‘Fe’ sub-

stitution disturbs the spin-spiral phase, resulting in the observation of the EB below TS.

Kim et al. [36] demonstrated enhanced electric polarization of CoCr2O4 with the

modification of magnetic configuration by mixing its Cr-site with Co+3 ions. This

result has been explained by a broken balance between two electric polarization con-

tributions with Co+3(3d6) ions in Cr-site, which consists of zero magnetic moment in

its low spin state. It is appreciable to see the influence of Co+3 substitution for ‘Cr’ on
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the magnetic properties of CoCr2O4. It is also useful to probe the origin of negative

magnetization observed in Co(Cr1−xCox)2O4 [36].

Anomalous temperature dependent EB effect is reported in multilayers of non-

collinear spin AFM and collinear spin FM materials[93, 94]. Even in a bulk single

phase material, it has been claimed that the non-collinear spin configurations can give

rise to EB effect [21, 95]. Hence, study of EB is important in non-collinear spin-spiral

Co(Cr1−xCox)2O4 multiferroic compounds.

This chapter deals with the preparation, structural, temperature and magnetic

field dependent magnetization and EB effects of Co(Cr1−xCox)2O4.

4.2 Experimental details

The polycrystalline samples of Co(Cr1−xCox)2O4 (x = 0.0−0.1) are prepared by stan-

dard solid state reaction method. Stoichiometric amounts of high purity(≥99.9)

Co3O4, Cr2O3 & Cobalt(III) acetylacetonate are used as starting materials. The

powders obtained after the calcination at 600 ◦C are pressed into pellets and then

sintered at 1100 ◦C for 12 hours for two times followed by regrinding and palletiz-

ing. During all heat treatments, the pellets were placed on a bed of powder with the

same stoichiometry to minimize the possibility of reaction of the samples with the

crucible. Powder XRD patterns were obtained using Cu-Kα(λ = 1.5406 Å) radiation

in a Rigaku commercial X-ray diffractometer. The morphology and composition anal-

ysis are investigated by SEM images and EDAX spectrum, respectively. DSC/TGA

analysis have been carried by using commercial Netzsch DSC/TG machine (Model:

STA449F3A00). Magnetization measurements between 2 K and 320 K, and upto the

maximum magnetic field of 70 kOe are performed using SQUID-VSM (Model 5 Quan-

tum design.).
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4.3 Results and Discussions

4.3.1 Structural properties
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Figure 4.1: Powder XRD patterns of Co(Cr1−xCox)2O4 samples measured at room

temperature.

Fig.4.1 shows the XRD patterns of Co(Cr1−xCox)2O4 samples recorded at the room

temperature. We can see that all ‘Co’ substituted samples show the XRD patterns

similar to the parent CoCr2O4 compound. We noticed that beyond the 10% of Co

substitution the samples are not found to be in single phase.

Phase purity of the Co(Cr1−xCox)2O4 samples is analysed by Rietveld refinement

technique with the help of FULL PROF utility software. From Fig.4.2 it can be seen

that all the peaks are well fitted to the cubic spinel structure (Fd3̄m space group)
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Figure 4.2: Experimental and fitted powder XRD patterns of Co(Cr0.9Co0.1)2O4

sample. Inset shows the variation of lattice parameter ‘a’ with ‘Co’ concentration

‘x’ in Co(Cr1−xCox)2O4. Here, vertical bars indicate the error in ‘a’ due to instrumental

broadening and fitting the data. Solid line is just guide to the eye.

up to x = 0.1. However, from the refinement it is found that beyond x = 0.1, extra

phase of the CoO is formed. Inset of Fig.4.2 depicts the variation in the unit cell

parameter, ‘a’ as a function of ‘Co’ concentration ‘x’ in Co(Cr1−xCox)2O4 obtained

from the fitting. It is evident that the lattice parameter ‘a’ decreases with increase in

the ‘Co’ the concentration. Contraction in the unit cell parameter is due to the

smaller ionic size of Co+3 (3d6) compared to that of Cr+3 (3d3) in the octahedral

crystallographic environment. Moreover, the contraction in ‘a’ also demonstrates that

the Co ion is in the +3 (3d6) state, otherwise, we would have noticed the expansion in

‘a’, since the ionic size of Co+2 (3d7) is larger than Cr+3 (3d3).

Left panels of Fig.4.3 depict the SEM images of x = 0.05 and x = 0.1 samples.

Uniform contrast in the images indicates the phase purity of the samples. In addition
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Figure 4.3: SEM images(left panel) and EDAX spectra (right panel) of

Co(Cr1−xCox)2O4 samples.

to this we can see the sharp edged pyramids and polyhedral grains in both the im-

ages. This type of self-organized and ordered pattern of pyramid clusters have been

observed in spinel CoCr2O4 thin films [119]. The facets of these pyramids are found to

be the minimum surface energy crystal planes of the cubic spinel CoCr2O4 [119, 120].

Observation of the similar structures with sharp edges in our samples may indicate

the ordered growth of the micro crystals of the spinel Co(Cr1−xCox)2O4. The average

grain size is found to be around 1-2 micrometer. Composition analysis using EDAX

spectra as shown in the right panels of Fig.4.3 confirmed that the atomic ratio of the

elements is comparable to the nominal starting stoichiometric ratios.

To understand the formation mechanism of the samples from the starting materials,
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Figure 4.4: DSC and TG plots of (a) x = 0.0 and (b) x = 0.1 samples measured in

the air environment.

we carried out the differential scanning calorimetry (DSC) and Thermal gravimetric

analysis (TGA) measurements in air environment. Fig.4.4(a) and (b) describe the

temperature dependent DSC & TG curves of the x = 0.0 and x = 0.1 samples, re-

spectively. From this analysis we can see that the x = 0.0 sample shows major weight

loss at around 900◦C and that could be attributed to the decomposition process of

Co3O4 into CoO. But the x = 0.1 sample shows the complicated behaviour. Upon

increasing the temperature, the first and the major weight loss in the temperature

range 200−250◦C with a sharp fall at around 211◦C is due to the decomposition of

the Cobalt(III) acetylacetonate. The second weight loss around 480◦C could be as-

cribed to the evaporation of the decomposed organic ligands. This type of multiple

weight loss mechanism is comparable to the previous reports [121, 122]. The gain
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in the weight of the x = 0.1 sample which starts around 665◦C and continues to in-

crease till the temperature reaches the decomposing temperature of Co3O4(as noticed

in x = 0.0 sample) may be due to the absorption of the oxygen by the the decomposed

Cobalt(III) acetylacetonate. Due to the decomposing temperature of Co3O4 around

900◦C, sample again show weight loss. From the DSC curve it can be seen that the

both the decompositions are exothermic processes.

4.3.2 Temperature and field dependent magnetic properties

In order to explore the influence of ‘Co’ substitution on the different magnetic tran-

sitions of CoCr2O4, temperature dependent magnetization measurements have been

performed in different modes. Three panels of Fig.4.5 namely (a), (b) & (c) show

the detailed thermomagnetic response in the FCC mode under the applied field of

H∼ 10 Oe and ZFC & FCW modes under the applied field of H = 1 kOe for x = 0.0,

x = 0.05 & x = 0.1 samples, respectively. The collinear FIM transition tempera-

ture TC decreases slightly with increasing the Co concentration. Unlike, the tem-

perature dependent magnetic behaviour observed in the Fe substituted samples[123],

‘Co’ substitution for ‘Cr’ enhances the magnetization and do not show any compen-

sation effect. We can see the clear increase in the magnitude of the magnetization as

‘Co’ concentration increases.

In case of parent compound CoCr2O4, the reduction in the resultant magneti-

zation after reaching the Mmax below TC is attributed to the ordering of the B-

site(combination of antiferromagnetically arranged B1 and B2 moments) ions in such

a way that the resultant moment is antiparallel to the A-site moment which is aligned

along the field. Due to the underlying geometrical frustration short range order

of B-sub lattice moments continues till TS, below which it turns out to be fully

spin-spiral [23, 24, 28, 29]. This results in the sharp transition at TS. Hence, one

can understand the substituted ‘Co’ ions decreases the resultant moment of the
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Figure 4.5: Temperature dependent magnetization curves of Co(Cr1−xCox)2O4 sam-

ples measured in FCC mode for the applied field of nominal zero (∼10 Oe) and ZFC,

FC modes under the applied field of H = 1 kOe. Inset of (a) shows the the variation of

Mmax/Mmin and M3K/Mmin as a function Co concentration(see text for details).
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Figure 4.6: (a), (b) and (c) enlarged views of the FCC & FCW magnetization curves

across different low temperature transitions of x = 0.0, x = 0.05 and x = 0.1 samples,

respectively. Whereas (d), (e) & (f) temperature dependent dM/dT curves of x = 0.0,

x = 0.05 and x = 0.1 samples, respectively.

B-site. In addition, as depicted in the inset of Fig.4.5(a) the ratio of the maxi-

mum magnetization(Mmax) on the onset of TC & magnetization at 3 K (M3K) to

the minimum magnetization(Mmin) at TS, viz. Mmax/Mmin & M3K/Mmin decrease

as a function of ‘Co’ concentration. Decreasing trend of Mmax/Mmin & M3K/Mmin

with ‘Co’ concentration signifies that the magnitude of the temperature dependent

magnetization below TC is not uniformly changed with ‘Co’ concentration and this

may suggest the significant change in the underlying magnetic frustration.

We can see that with increasing the Co concentration the magneto-structural tran-

sition at TS shifts towards low temperature compared to that of CoCr2O4. Enhance-
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Figure 4.7: (a) and (b) are the isothermal magnetization loops of Co(Cr1−xCox)2O4

samples at 5 K and 75 K, respectively, measured after zero-field cooling from above TC .

ment in the magnetization and slight lowering of the TC & TS with ‘Co’ substitution

are in well agreement with the previous report [36], in which the ‘Co’ ions in Cr-site

are found to be in +3 state and non-magnetic in nature.

Fig.4.6 describes the low temperature behaviour of magnetization of all the sam-

ples. Left panel of Fig.4.6((a), (b) & (c)) depict the enlarged view of M-T curve

measured in FCC and FCW mode across the TS and TL. We can see that the TS & TL

are shifted towards lower temperature. It can be also seen that the magneto-structural

transition at TS gets broadened out with Co concentration. Further, we can see that

the FCC and FCW curves exhibit a thermal hysteresis across TL and TS. While cooling

the sample in field, below TL, the spin state becomes anisotropic due to locking of the

commensurate spin-spirals to that of lattice. Upon warming from 3 K, more thermal

energy is required to overcome the anisotropy, which results in the shifting of transi-

tion point at TL in the FCW curve to higher temperature compared to FCC curve.

But the transition point(indicated by vertical dashed lines) across TS do not show any

significant shift in FCC and FCW curves. This may be due to the fact that the incom-

mensurate spin-spiral below TS is not locked to the lattice. However, the hysteresis
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Figure 4.8: Temperature dependent of ZFC magnetization curve of x = 0.0 sample

measured after cooling the sample in positive and negative remanent field.

across TS may be due to the change in the magnetic structure from the collinear FIM

observed in TS≤T≤TC to that of non-collinear incommensurate spin-spirals below TS.

The thermal hysteresis in FCC and FCW curves across TL also indicates a first order

nature of lock-in transition.

From the enlarged portions of dM(T )/dT versus T plots as shown in the right

column ((a), (b) & (c)), it is much more evident that the TS move towards lower

temperatures. The sharpness of the magneto-structural transition also becomes less

effective. Furthermore, the designated lock-in transition observed at around TL = 13 K

in CoCr2O4 due the conversion of spin-spiral component with an incommensurate

propagation vector of (0.63, 0.63, 0) observed at 27 K to the conical spin order with

commensurate propagation vector of (2/3, 2/3, 0) [30] is also shifts to lower tempera-

ture with increase in ‘Co’ concentration. All these features signify that the substituted

‘Co’ ions successfully replace the Cr ions and influence the spin-spirals below TS.
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Figure 4.9: Fitting of Néel model to the paramagnetic susceptibility(left scale) and

inverse susceptibility(right scale) of Co(Cr1−xCox)2O4 samples measured in ZFC mode.

Fig.4.7 (a) and (b) show the ZFC M-H loops of Co(Cr1−xCox)2O4 samples at 5 K

and just below the TC at which the samples exhibit maximum value of magnetization

in the temperature dependent magnetization curve, i.e., in spin-spiral and collinear

magnetic phases, respectively. Here also we can observe the clear enhancement in total

magnetization with Co substitution even at high fields where all the magnetic domains

align to the field and all the anisotropic effects vanish. Loops at 5 K show reduction

in the magnetization at 50 kOe field compared to the loops at below TC , similar to

that of the thermomagnetic behaviour of the samples. In the view of ground state

magnetic configuration of CoCr2O4 [23, 28, 29], reduction of SB due to the occupation
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of non-magnetic Co in B-site causes the enhancement in resultant magnetization with

increase in Co concentration.

Fig.4.8 depicts the impact of the consideration of remanent magnetic field on the

temperature dependent magnetic properties of ferrimagnets using SQUID magnetome-

ter. Here we can see the ZFC measurement carried out in the positive low applied

field after cooling the sample in the positive minimum remanent field(∼10 Oe) do not

show any negative magnetization. But it can be seen that the ZFC curve measured in

positive field after cooling the sample in considerable negative remanent field shows

negative magnetization. If the remanent field is more (in the range of 100−300 Oe)

the ZFC curve show more negative magnetization even upto FIM transition. This is

the possible origin for the observed negative magnetization in ZFC curve in various

reports on simple FIM systems [36, 104]. Hence, to get the reliable ZFC data, it is

necessary to reduce the remanent field in the SQUID magnetometer to the possible

minimum value and then secondly the sign of the applied field should be similar to

the sign of the remanent field.

Paramagnetic susceptibility χ(T ) (above TC) of Co(Cr1−xCox)2O4 samples is anal-

ysed by the Néel two sub-lattice model of the form [47],

1

χ(T )
=

(T −Θ)

C
−

ξ

(T −Θ′)
(4.1)

The best fits to the experimental paramagnetic 1/χ(T ) and χ(T ) data[as shown in

the Fig.4.9] of Co(Cr1−xCox)2O4 samples can be obtained by the parameters Θ, C, ξ

and Θ′ listed in the Table.4.1. Curie-Weiss constant C = Nµ2
eff/3kB allows to estimate

the effective paramagnetic magnetic moment(µeff) of the sample. µeff of the samples

are comparable to the theoretically calculated effective moment of orbital quenched

(spin only) and unquenched (orbital + spin) free Cr+3 and Co+2 ions, respectively.

Magnitude of the asymptotic Curie temperature Θ represents the strength of the anti-

ferromagnetic exchange coupling between the spins on the A-and B-sites in the spinel
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structure. Negative sign of Θ signify the magnetism in this materials is governed by

the negative superexchange interactions. Lotgering [124] developed a mean-field ap-

proach to estimate the approximate values of nearest neighbor exchange interactions

in spinel compounds from the paramagnetic susceptibility. AFM superexchange con-

stants Jij have been obtained in case of MnCr2O4 [125]. We used the fitted values

of Θ, C, ξ and Θ′ to estimate the Jij in case of Co(Cr1−xCox)2O4 samples using this

approach. Average values of JAA, JAB and JBB are presented in the Table.4.1. We can

see JAB and JBB decrease with increasing the Co concentration. The values of Jij are

in good agreement with the reported isostructural spinel compounds MnCr2O4 [125]

and ZnCr2O4 [126].

Table 4.1: Parameters obtained from the analysis of the paramagnetic susceptibility of

Co(Cr1−xCox)2O4 samples. Here exchange interactions JAA, JAB and JBB are average

values of NN superexchange interactions.

C Θ ξ Θ′ JAA JBB JAB u

x ( emu
mole.Oe.K

) ( K ) (mole.Oe
K

) ( K ) ( K ) ( K ) ( K )

Exp Cal

0.0 6.9(1) 7.13 −634(12) 1006(13) 86.9(1) −9.24 −24.34 −12.14 ∼ 2

0.05 6.7(1) 6.94 −553(10) 995(13) 86.1(1) −7.12 −23.35 −11.26 ∼ 1.96

0.1 6.6(1) 6.76 −508(2) 933(10) 85.7(1) −6.04 −23.31 −10.94 ∼ 1.9

The magnetic ordering of spinel compounds is mainly decided by the underlying

magnetic geometrical frustration(MGF) in pyrochlore B-sublattice, that makes the in-

ability of the system to satisfy the competing magnetic interactions. Due to MGF,

magnetic ordering become unpredictable, and have large degenerate magnetic config-

urations [66, 126]. As described in the chapter 1, according to the LKDM model,

strength of the MGF and hence, the magnetic ground state of spinels can be esti-
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mated by utilizing u = (4JBBSB/3JABSA). The ratio of JBB/JAB estimated in case

of CoCr2O4 from the paramagnetic susceptibility also gives rise to the ‘u’ value ap-

proximately ‘2’ as listed in the Table.4.1. This value is a favourable condition for

the formation of spin-spirals [28, 29]. Remarkably, in CoCr2O4 JBB & JAB integrals

estimated from the molecular field calculations [28] and ground state magnetic struc-

ture by neutron scattering data [29] also found to give similar value of ‘u’. But, the

Co+3 (3d6) substituted for Cr+3 (3d3), becomes non-magnetic in its low spin state[36]

due to the large crystal splitting energy in octahedral crystallographic environment.

This results in the reduction of resultant magnitude of SB and also causes the in-

terruption of the superexchange interaction as we noticed the reduction in JBB and

JAB. Further, the corresponding ‘u’ parameter also decreases slightly compared to

CoCr2O4.

This may cause the decrease in the magnetic frustration of the pyrochlore B-

sublattice, as a result the spin-spirals may become stable compared to the parent

compound. In support to this conclusion the frustration index f ∼ |Θ|/TC, which is

assumed to be the experimental estimate of the frustration, also decreases from ∼6.5

to ∼5.4 with increasing the ‘Co’ concentration from 0 to 0.1.

4.3.3 Exchange bias effect

We noticed complicated temperature dependent EB effect in ‘Fe’ substituted samples.

Let us see the EB effect in ‘Co’ substituted samples along with parent compound of

CoCr2O4. Fig.4.10(a) and (b) depict the 70 kOe FC M-H loops of x = 0.05 and 0.1

samples, respectively. 70 kOe FC M-H loops are performed by using the procedure

explained in the previous chapter. One can see the M-H loops at 30 K are symmetric

with respect to the origin. But the loops at 5 K and 3 K are clearly off centered

viz. shifted left on the field axis as well as up side on the magnetization axis with

respect to the origin. Whereas, the pristine CoCr2O4 compound does not exhibit any
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Figure 4.10: (a) and (b), respectively, are the enlarged portions 70 kOe FC M-H loops

of loops of x = 0.05 and 0.1 samples at 3 K, 5 K &30 K

unusual shifting in FC M-H loops. This denote that unlike in Fe substituted samples,

‘Co’ substituted compounds show the asymmetric characteristics only at lowest tem-

perature, i.e., in the conical spin-spiral phase below TS.

Main panels of Fig.4.11(a), (b) and (c) describe the temperature dependence of

EB(amount of shift along field axis) field HEB & the vertical shift MEB obtained from

the 70 kOe FC M-H loops of x = 0.0, 0.05 and 0.1 samples, respectively. Here, HEB

and MEB are defined as

HEB = −
(HC+ +HC−)

2
(4.2)

100

TH-1338_09612108

4/figs/CCO_Co_allEBMH.eps


4.3 Results and Discussions

0.0

0.5

1.0

0

10

20

30

0

50

100

0.0

0.8

1.6

2.4

0

50

100

150

0 10 20 30 40 50 60

0

1

2

3

0 10 20 30 40 50
0.5

1.0

1.5

0 10 20 30 40

3

4

0 10 20 30 40
1.5

2.0

2.5

3.0

  MEB

TL TS

(a)

10
3 M

EB
( 

B
/f.

u 
)

  HEB

H
EB

( O
e 

)

TL TS

x = 0.0

x = 0.05 (b)

  HEB

 

H
EB

( O
e 

)

 

  HEB

  MEB
10

3 M
EB

( 
B
/f.

u 
)

  MEB

TL
TS

 T ( K )

(c)x = 0.1

H
EB

( O
e 

)

 

10
3 M

EB
( 

B
/f.

u 
)

H
ef
f

C
 ( 

kO
e 

)

T ( K )

TS

H
ef
f

C
 ( 

k 
O

e 
)

T ( K )

TL

H
ef
f

C
 (k

O
e 

)

T ( K )

TL

Figure 4.11: Main panels of (a), (b) & (c) are the temperature dependence of

EB field (left scale) and vertical shift in the M-H loop(right scale) for CoCr2O4,

Co(Cr0.95Co0.05)2O4 & Co(Cr0.9Co0.1)2O4 samples, respectively. Insets in all the panels

are the temperature dependent effective coercive field of the respective samples.
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MEB =
(Mrem+ +Mrem−)

2
(4.3)

where HC+ & HC− are the positive & negative coercive field values and Mrem+ &

Mrem− are the positive & negative remanent magnetization values of FC M-H loops,

respectively.

One can see x = 0.0 exhibits very small HEB and MEB values at all the tem-

peratures in its magnetically ordered state below TC . The fluctuations marked at

around TS feasibly due to the spin-flip transitions. However, magnitude of HEB is not

considerable. But upon increasing the Co concentration, HEB start increasing below

the lock-in transition TL, whereas the vertical shift, MEB show rising tendency below

TS. The magnitude of the HEB(T ) and MEB(T ) also can be seen to strengthen with

‘Co’ concentration. This indicates the entanglement of the lock-in transition with

that of the EB effect, in this non-collinear spin-spiral system.

The substituted non-magnetic Co+3 for some of magnetic Cr ions causes the re-

lease of magnetic frustration of that particular triangular blocks of the pyrochlore

B-sublattice and hence become the soft FIM. But the remaining blocks do not get af-

fected, they can still form the rigid conical spin-spirals. Hence there is provision to form

different kind of soft and hard magnetic configurations within the crystallographically

homogeneous material. While cooling the sample across the spin-flop transitions the

non-collinear spin-spiral magnetic ordering develops uni-axial anisotropy and hence ex-

ert pinning force on the soft magnetic blocks [127]. This may be the possible underlying

origin for the observation of the HEB(MEB) in non-collinear spin-spirals. Moreover, it

is more effective in the commensurate spin-spiral phase below TL as the spin-spirals

are locked to the underlying lattice sites. Due to this locked spin-spirals the magnetic

configuration get frozen with lowering temperature below TL, so an extra field is re-

quired to overcome the microscopic torque in the descending branch of the M-H loop,
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results in the shift along negative field. But in the long range collinear phase above

TS, system as a whole becomes softer then all these effects vanish. This is analogous

to that anomalous EB observed in the non-collinear and collinear interfaces [75, 93].

Enhancement in the coercive field(Heff
C = (HC+ −HC−)/2) as shown in the insets of

Fig.4.11 below TS is the indicative of the development of unidirectional anisotropy in

non-collinear spin configuration [93]. The coexistence of different spin configurations

in the magnetic phase separated single phase samples also found to induce unidirec-

tional anisotropy [95]. Further, the inhomogeneity in the magnetic interactions in the

system due to the non-magnetic ‘Co+3’ ions may also causes to the EB effect.

4.4 Summary

In summary, we studied the structural, magnetic and EB properties of Co(Cr1−xCox)2O4

(x = 0.0−0.1). It has been found that the substituted Co ions occupy the B-site in

the spinel structure of CoCr2O4 and become non-magnetic. Due to the non-magnetic

nature of substituted Co ions, the magnitude of magnetic moment of B-sublattice de-

creases and as a result the net moment of the compound increases. Further, it also

leads to slight reduction in geometric magnetic frustration, and hence the stability of

the conical spin-spirals. In addition we observed the asymmetric characteristics of the

field cooled isothermal magnetization loops viz. EB effect only in the non-collinear

spin-spiral magnetic phase below TS, more significantly below TL, indicating the en-

tanglement of the lock-in transition and that of the EB effect in this non-collinear

spin-spiral system. We attempted to explain the EB below TL in the light of presence

of commensurate spin-spiral and the unidirectional magnetic anisotropy driven by the

non-collinear spin-spirals. However, more detailed study is needed to get microscopical

origin of the EB in these compounds.
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Chapter 5

Studies in Co(Cr1−xAlx)2O4 series

5.1 Introduction

In the previous chapters we attempted to understand the influence of non-d0 ion sub-

stitution on the magnetic properties of CoCr2O4. In this work let us see the influence

of the d0 ion substitution effect. For this purpose Al+3 ion has been chosen to substi-

tute for Cr+3 in CoCr2O4. We can also use Ga+3 for this purpose but the problem is

Ga has the tendency of occupying the tetrahedal site [128], but our primary interest

is mainly to see the influence of substitution effect in the Cr-site. Unlike CoFe2O4,

here the end compound of Co(Cr1−xAlx)2O4 series, i.e., CoAl2O4 is also normal cu-

bic spinel [68, 129] similar to CoCr2O4. This series provides appreciable way to look

into the impact of the Cr-site on the magnetic properties CoCr2O4 while the crystal

structure remains same. On the other hand, CoAl2O4 is also very interesting sys-

tem. The magnetic frustration originating from the A-site of the spinel, even though

the pyrochlore B-lattice is fully occupied with the non-magnetic Al+3 ions is an open

question [68, 70, 128, 129]. Hence it is worth to study the magnetic properties of

the samples by varying the Al+3 concentration between 0.0 ≤ x ≤ 1.0. It has been

claimed that even though the net magnetic moment of the Co+3(3d6) is zero similar

to the Al+3, their impact on the magnetic properties are quit different [129]. This
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difference can be also seen from the variation of the ordering temperatures of CoAl2O4

and Co3O4 [68, 129].

This chapter focuses on the preparation, structural and temperature, magnetic field

and time dependent magnetic properties of Co(Cr1−xAlx)2O4. Detailed analysis of the

data is presented for the comprehensive understanding of the magnetic properties.

5.2 Experimental details

The polycrystalline samples of Co(Cr1−xAlx)2O4 (x = 0.0−1.0) are prepared by sol-gel

technique from CoCl2.6H2O, Cr(NO3)3.9H2O and Al(NO3)3.6H2O (purity >99%) pre-

cursor materials. The black powders obtained from the self combustion in the sol-gel

process are preheated at 600 ◦C then pressed into pellets. The resultant pellets are

sintered at 1100 ◦C for 12 hours for two times. In order to enrich the homogeneity

throughout the sample pellets were reground and pelletized at each step of process.

During all heat treatments, the pellets were placed on a bed of powder with the same

stoichiometry to minimize the possibility of reaction of the samples with the cru-

cible. Powder XRD patterns were obtained using Cu-Kα(λ = 1.5406 Å) radiation in

a Rigaku multipurpose commercial X-ray diffractometer. The morphology and com-

position analysis are investigated by SEM images and EDAX spectrum, respectively.

Differential DSC/TGA measurements have been carried by using commercial Netzsch

DSC/TG machine (Model: STA449F3A00). Magnetization measurements between

2 K and 320 K, and upto the maximum magnetic field of 70 kOe are performed using

commercial SQUID-VSM (Model 5 Quantum design.).
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Figure 5.1: Powder XRD patterns of selected samples of the Co(Cr1−xAlx)2O4 series

measured at room temperature.

5.3 Results

5.3.1 Structural properties

Fig.5.1 presents the XRD patterns of Co(Cr1−xAlx)2O4 samples. It can be seen that

all the Al substituted samples possess peaks similar to that of the parent compound

CoCr2O4. With increasing the Al concentration, peaks are found to shift towards the

higher diffraction angles compared to CoCr2O4.

Phase purity of Co(Cr1−xAlx)2O4 samples (for x = 0.0−1.0) is analysed by Rietveld

refinement technique with the help of FULL PROF utility software. As demonstrated
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Figure 5.2: Experimental and fitted powder XRD patterns of (a) CoCr2O4, (b)

Co(Cr0.5Al0.5)2O4 and (c) CoAl2O4 samples by using Rietveld refinement technique

with the help of FULL PROF program.

in Fig.5.2 XRD patterns of all the samples can be well fitted to spinel structure (Fd3̄m

space group). Lattice parameters of the end compounds of the series, i.e., CoCr2O4

and CoAl2O4, extracted from the refinement, are in close agreement with the previous

reports [31, 68, 104, 129]. Fig.5.2(a) depicts the variation in the unit cell parameter

‘a’ as a function of ‘Al’ concentration ‘x’ in Co(Cr1−xAlx)2O4. The lattice parameter

‘a’ decreases linearly and follows the Végard law as a function of ‘Al’ concentration.

Decrease in the unit cell parameter may be due to the smaller ionic size of Al+3 (3d0)

compared to that of Cr+3 (3d3). Moreover, from the Fig.5.3(b), it can be seen that the
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Figure 5.3: Variation of (a) lattice parameter ‘a’ and (b) oxygen ion coordinate as a

function of ‘Al’ concentration ‘x’. Here, vertical bars in (a) indicate the error in ‘a’ due

to instrumental broadening and fitting the data. Solid line is the straight line fit to the

data to illustrate the Végard law.

oxygen coordinate(z position) increases with increase in the ‘Al’ concentration. This

may indicate the spinel structure is becoming more distorted with smaller cation size

of the ‘Al+3’ ion. Further the SEM images and EDAX spectra shown in the left and

right panels of Fig.5.4, also confirmed the phase purity and the stoichiometric ratios

of elements of the samples, respectively.

Fig.5.5 (a) and (b) show the temperature dependent DSC & TG curves of x = 0.0

and x = 0.5 samples, respectively. The weight loss around 100 ◦C in both the samples

resulted from the evaporation of moisture and residual solvent in the xerogel. Weight

loss at around 360−390 ◦C may be due to the decomposition of organic compounds
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Figure 5.4: SEM images of (left panels) and EDAX spectra (right panels) of

Co(Cr1−xAlx)2O4 samples.

such as citrates covalently bonded to the Co+2, Cr+3 and Al+3 ions. We can see that

above 600 ◦C the structure of the samples is stabilized. From the DSC curve it can be

seen that the evaporation of moisture and the organic solvents is exothermic in nature.

But after the decomposition of the citrates samples undergo endothermic process that

may be due to the formation of new bonds.
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Figure 5.5: DSC and TGA plots of (a) x = 0.0 and (b) x = 0.5 samples measured in

the air environment.

5.3.2 Magnetic properties

5.3.2.1 Thermomagnetic and isothermal magnetization curves

Fig.5.6(a)−(i) demonstrate the temperature dependent magnetization curves of the

Co(Cr1−xAlx)2O4 samples measured in FCC mode for the applied field of nominal zero

(∼10 Oe) and ZFC, FCW modes under the applied field of H = 1 kOe. It can be seen

from the FCC curve under applied field of H ∼10 Oe that all the ‘Al’ substituted

samples do not exhibit any magnetic compensation effect. It is evident that compared

to the substitution of previous two elements, ‘Al’ substitution for Cr-site causes to

decrease in the FIM transition temperature TC . It can be also seen that TC becomes

broad as the ‘Al’ concentration increases. For x≥0.6, behaviour of the transition

changes unusually compared to that of the samples for x≤0.5, and the 0.6≤x≤0.8
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Figure 5.6: Temperature dependent magnetization curves of Co(Cr1−xAlx)2O4 sam-

ples measured in FCC mode for the applied ∼10 Oe and ZFC, FCW modes under the

applied field of H = 1 kOe. Inset of (i) shows the the enlarged view of the ordering

temperature of the CoAl2O4 sample.
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Figure 5.7: Temperature dependent ZFC and FCW magnetization curves of

Co(Cr0.9Al0.1)2O4 sample under the various applied fields.

samples exhibit typical glassy type transition. The end compound CoAl2O4 exhibits

the magnetic ordering at very low temperature at around 8 K, in better agreement

with the previous reports [68, 129]. The typical AFM behaviour of ordering tempera-

ture in CoAl2O4 may signify that the magnetic contribution from the B-site vanishes.

Further, one can see that the magneto-structural transition TS and the lock-in tran-

sition TL both become weak and also move towards low temperature with increasing

‘Al’ concentration. We know that the decrease in the magnetization in FCW curve

with lowering the temperature below TC in case of the parent compound CoCr2O4 is

due to the ordering of the B-site moments ferrimagnetically with that of the A-site

moments. With increase in the ‘Al’ concentration one can see that this trend in FCW

curve vanishes and for samples with ‘Al’ concentration in the range of 0.2≤x≤0.5

magnetization rather increases with lowering the temperature below TC . This may
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indicate ‘Al’ substitution influences the ordering of the B-site and hence the stiffness

of the conical spin-spirals due to the d0 configuration of Al+3 ion.

Fig.5.7 depicts the temperature dependent ZFC and FCW magnetization curves

of Co(Cr0.9Al0.1)2O4 sample under the various applied fields from 100 Oe to 50 kOe.

Under the small applied field the ZFC and FCW curves display huge bifurcation below

the TC . Upon increasing the field, initially both the curves start merging below TC ,

but still show the bifurcation below TS. However, for large enough fields they merge

together completely. This may signifies the spin-spirals become less effective with the

‘Al’ substitution compared to the parent CoCr2O4, in which even large enough field

of 140 kOe unable to diminish the bifurcation[31]. In addition, the transition gets

broadened out with increase in the field as expected for the FIM transition but the

the magneto-structural transition at TS becomes sharp.

Fig.5.8(a)−(i) show the M-H loops of the various ‘Al’ substituted samples at 5 K

measured after cooling in zero field. It is prominent that with increasing the ‘Al’ con-

centration magnitude of the magnetization increases enormously upto x = 0.5, then

decreases sharply. The coercive field of the loop decreases with increasing the ‘Al’ con-

centration. We can see that with increasing the Al concentration the behaviour of the

loop changes from typical FIM to AFM. End compound of the series, CoAl2O4 ex-

hibits no tendency of saturation even upto 50 kOe, indicating strong AFM ordering

in line with the previous reports[68, 129]. It can be seen that x≥0.6 samples do not

show any considerable opening in the loop. Fig.5.9 shows the enlarged portions of the

M-H loops of Co(Cr0.2Al0.8)2O4 sample at 5 K and 13 K, i.e., well below and above

the blocking temperature(below which the ZFC and FCW curves exhibit bifurcation).

We can see that the small opening observed below the blocking temperature vanishes

for the loop above this temperature. So this blocking temperature is may be due to

the glassy behaviour.
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Figure 5.8: (a)−(i) Isothermal magnetization loops of Co(Cr1−xAlx)2O4 samples at

5 K.

Fig.5.10 shows the variation of characteristic parameters as a function of Al concen-

tration in Co(Cr1−xAlx)2O4, extracted from the M-H loops at 5 K. From Fig.5.10(a)

it can be seen that the coercive field HC decreases systematically with increase in

the Al concentration. The linear part of M(H) curve at high field can be fitted to

M(H) = χAFMH + MS , here χAFMH is the AFM contribution to the magnetization

and MS is the saturation magnetization, the FM contribution to the total magnetiza-

tion. As shown in the Fig.5.10(b) MS increases upto x = 0.5 then decreases, indicating

that the FM contribution comes from the uncompensated moments of the A and B-site
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Figure 5.9: Enlarged portion of isothermal magnetization loops of Co(Cr0.2Al0.8)2O4

sample at 5 K and 13 K.

ions, and its value increases upto x = 0.5, and then decreases. The remanent magne-

tization Mrem extracted while decreasing the field to zero from 50 kOe also shows the

similar behaviour as a function of ‘Al’ concentration.

As described in the Fig.5.11(a)−(c), paramagnetic susceptibility χ(T ) above TC of

Co(Cr1−xAlx)2O4 samples for x≤0.8 can be well analysed by the Néel two sub-lattice

model of of the form[47],

1

χ(T )
=

(T −Θ)

C
−

ξ

(T −Θ′)
(5.1)

But in case of the end compound CoAl2O4, the paramagnetic susceptibility failed to

follow this two sub-lattice model. This may be due to the contribution from the B-

sub-lattice vanishes as the B-site is fully occupied by the non-magnetic ‘Al+3’. In this

case as shown in the Fig.5.11(d) best fit to the experimental 1/χ(T ) and χ(T ) data of

CoAl2O4 sample can be obtained by the modified Curie-Weiss law of the form,

χ(T ) = χ0 +
C

(T −Θ)
(5.2)

here χ0 is the temperature independent magnetic susceptibility. Effective paramag-

netic magnetic moment µeff of the samples can be calculated from the Curie constant
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Figure 5.10: (a), (b) and (c), respectively, the coercive field, saturation magnetization

and remanent magnetization of Co(Cr1−xAlx)2O4 as a function of ‘Al’ concentration.

C = Nµ2
eff/3kB. By using µeff =

√

µ2
Co + 2(1− x)µ2

Cr relation we can also calcu-

late the theoretical values of µeff , here, µCo and µCr are the magnetic moments of

the Co+2 and Cr+3 ions, respectively. The values of Θ, C, ξ and Θ′ obtained from

the best fit of the experimental data are listed in the Table.5.1. As depicted in the

Fig.5.12(a) experimentally calculated values of µeff are found to be comparable to that

of theoretically calculated values of µeff by considering the spin-only moment of Cr+3

(µCr = 2
√

S(S + 1) µB, S is the spin angular momentum number) and unquenched

orbital moment of Co+2 (µCo = g
√

J(J + 1) µB, L is the orbital angular momentum

number). Negative sign of the Curie-Weiss temperature Θ for all the samples indicates
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Figure 5.11: (a)−(c) Fitted and experimental inverse paramagnetic susceptibil-

ity(right scale) and paramagnetic susceptibility(left scale) of Co(Cr1−xAlx)2O4 samples

for x≤0.8 to the Néel two sub-lattice model of FIM materials given in the eq.5.1. (d)

Modified Curie-Weiss fit (eq.5.2) to the data of CoAl2O4 sample.
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Figure 5.12: (a) Variation of experimental and calculated effective magnetic moment

as a function of ‘Al’ concentration. (b) Curie-Weiss temperature as a function of Al

concentration. (c) is the variation of frustration index f ∼ |Θ|/TC with Al concentration

x.

the magnetism in this materials is governed by the negative superexchange interac-

tions. Decrease in the magnitude of the Θ with increase in the ‘Al’ concentration

represents the decrease in the strength of the superexchange interaction between the

intra and inter magnetic moments of the A-and B-sublattices in the spinel structure.

It can be seen that with increase in the ‘Al’ concentration, the frustration index

f ∼ |Θ|/TC, initially increases slightly up to x = 0.5, but beyond it increases sharply

upto x = 0.8 and then decreases. The f value of CoAl2O4 is in good agreement with

the previous reports [68, 69, 129].

Approximate NN superexchange interactions in these spinel compounds are esti-

mated by employing Lotgering mean-field approach [124, 125]. Values of superex-
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Table 5.1: Parameters obtained from the analysis of the paramagnetic susceptibility of

Co(Cr1−xAlx)2O4 samples. Here exchange interactions JAA, JBB and JAB are average

values of NN superexchange interactions.

x c Θ ξ Θ′ JAA JBB JAB u

( emu
mole.Oe.K

) ( K ) (mole.Oe
K

) ( K ) ( K ) ( K ) ( K )

0.0 6.91(1) -634(12) 1006(13) 86.9(3) -9.2(2) -24.3(2) -12.1(3) ∼ 2

0.05 6.63(1) -553(10) 941(14) 84.4(6) -8.8(2) -22.7(2) -11.4(2) ∼ 1.88

0.1 6.47(1) -598(10) 1143(10) 78.2(6) -7.8(3) -22.0(4) -10.7(1) ∼ 1.85

0.2 6.27(1) -578(8) 1590(17) 64.4(6) -6.8(3) -20.9(3) -10.0(2) ∼ 1.74

0.3 6.25(1) -500(10) 1128(13) 64.1(3) -5.5(1) -18.2(3) -8.9(1) ∼ 1.41

0.5 5.34(1) -459(5) 2681(19) 28.8(2) -3.4(1) -17.3(2) -7.8(2) ∼ 1.10

0.6 4.72(1) -416(8) 2947(70) 27.3(2) -2.4(1) -14.3(1) -7.3(1) ∼ 0.78

0.8 3.89(1) -299(2) 3158(20) 6.2(2) -1.0(1) -9.9(2) -6.9(1) ∼ 0.28

1.0 3.36(1) -114(2) — — — — — —

change interactions obtained for the fitted Θ, C, ξ and Θ′ from the paramagnetic

susceptibility of Co(Cr1−xAlx)2O4 samples are listed in the Table.5.1. Here we can

see that with increase in the ‘Al’ concentration all the NN superexchane interactions

decrease. The values of NN Jij are in good agreement with the reported isostructural

spinel compounds MnCr2O4[125] and ZnCr2O4[126]. The LKDM u parameter is cal-

culated by using these JBB/JAB ratio. The u value is also found to decrease with

increase in the Al concentration[Table.5.1].

5.3.2.2 Magnetic relaxation

We noticed that the samples with ‘Al’ concentration 0.6≤x≤0.8 exhibit glassy be-

haviour in the temperature dependent magnetization [Fig5.6]. To probe this behaviour,

time dependent magnetization measurement has been carried out in Co(Cr0.4Al0.6)2O4

sample. Sample is cooled from room temperature to 5 K in the applied field of 50 Oe,

then the time dependent magnetization is measured for several hours. The sophisti-

cated stable at each point mode is used to carry out this measurement. As shown in
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Figure 5.13: Variation of the magnetization of Co(Cr0.4Al0.6)2O4 sample as a function

of time at 5 K.

the Fig.5.13 Co(Cr0.4Al0.6)2O4 sample exhibits tendency of relaxation in the magne-

tization as the time elapses. The experimental time dependent magnetization can be

well fitted to a stretched exponential Kohlrausch law of the form,

M(t) = M0 − Mg.exp

[

−

(

t

tr

)1−n
]

(5.3)

here M0 and Mg are the intrinsic FM moment and the glassy component of the system,

respectively. tr is the characteristic time component, and n is the stretched exponential

exponent. According to the percolation model, in the glassy state of the magnetic

system the exponent n in Eq.5.3 varies in the range 0.33≤ n ≤1. Best fit of the

experimental data to eq.5.3 as shown in the Fig.5.13 yields M0 = 602.7±1 emu/mol,

Mg = 18.3±1 emu/mol, tr = 6089±100 sec and n = 0.55±0.03. n = 0.55 may signifies

the typical glassy behaviour of the sample.
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Figure 5.14: Calculated and observed value of magnetization of Co(Cr1−xAlx)2O4 as

a function of Al concentration.

5.4 Discussion

From the analysis of XRD patterns we observed that the substituted Al ions occupy

the B-site. This can be even understood from the linear variation of the cell parameter

‘a’ following the Végard law. We know that the A-site moment in CoCr2O4 is along

[001] easy axis and the resultant of the B-site moment is antiparallel to it [28, 29, 71].

But the B-site is further divided into B1 and B2 sub-lattices. B1-site moment is par-

allel to that of the A-site and B2-site moment is antiparallel. The total magnetization

per formula unit can be written as M = | ↑ µA + ↑ µB1 − ↓ µB2 |. Here,

↑ µA, ↑ µB1 and ↓ µB2, respectively, are the longitudinal components of the magnetic

moments of the A-site, B1-site and B2-site ions along the magnetic field direction. En-

hancement in the magnetization with increasing in the Al concentration up to x = 0.5

may be due to the occupation of the majority of Al+3 in the B2-site. The decrease

in the magnitude of magnetization beyond x = 0.5 is also clear as there is no B2-
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Figure 5.15: Magnetic phase digram of Co(Cr1−xAlx)2O4. TC/TN/TS/TL represent

FIM/AFM/magneto-structural/lock-in transition temperatures. Shading of the orange

colour in the combined phase of long range FIM & short range spin-spiral phase indicates

that this phase gradually decreases and finally becomes AFM, i.e., TC becomes TN as

the contribution from B-site vanishes for CoAl2O4.

site to accommodate the substituted Al+3 ions, they occupy the B1-site. To justify

this argument, the magnetization magnetization of Co(Cr1−xAlx)2O4 as a function of

Al concentration is calculated by considering the magnetic configuration of CoCr2O4.

As shown in the Fig.5.14 the trend of calculated and experimental values of the net

magnetization as a function of Al concentration are comparable. However, beyond

x = 0.5 the deviation between the calculated and experimental values becomes more

as the long range order vanishes with more diluted B-site. Lacking of the long range

order also results in the change of canting angles of the magnetic moments. Moreover

the ionic disorder of the substituted Al ions in the available crystallographic sites also

gives rise to this discrepancy between the calculated and observed values.
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5. Studies in Co(Cr1−xAlx)2O4 series

Substitution of the non-magnetic Al+3 for Cr+3 ions also decreases the NN magnetic

exchange interactions[Table.5.1]. This could be the possible reason for the decrease in

the magnetic ordering temperature TC . For x ≥ 0.6 (i.e., B-site posses only ≤40% of

magnetic Cr+3 ions), the magnetic elements in the B-site, and the exchange interac-

tions of the compound are diluted. We know that for the concentrations less than the

percolation threshold concentration the long range magnetic ordering is not possible

so the system undergoes short range ordering. Transition from the FIM behaviour to

spin-glass-like behaviour probed by the temperature and time dependent magnetiza-

tion in case of the samples with x ≥ 0.6 could be attributed to the lacking of long

range ordering of the B-site ions due to the dilution of magnetic Cr+3 ions. Further,

the ionic disorder and the frozen transverse components of the moments also lead to

the glassy behaviour in the samples. From transition into the spin-glass state from

the AFM is also observed in the spinel system Zn(CrxGa1−x)2O4 due to the dilution of

the magnetic B-site with the non magnetic Ga+3 [130]. This series exhibits the glassy

behaviour even for the lower concentration of non-magnetic Ga+3 ions owing to the

absence of the magnetic ion in the A-site and hence the the domination of the geo-

metric frustration of the B-site pyrochlore lattice. As the Al concentration increases

further, the magnetic contribution from the B-sublattice vanishes and the ordering

becomes completely AFM in nature. As the non-magnetic Al+3 ions replace the Cr+3

ions in B-site, the JBB and JAB value decrease and become zero when Al+3 occupy

the B-site fully. Hence, in case of CoAl2O4 only possible superexachange interaction

among the A-site ions is JAA along the A−O−Al−O−A, which is AFM in nature.

This observation is in agreement with the analysis of the paramagnetic susceptibility.

χ(T ) above TC of the samples for x≤0.8 follow the Néel two sub-lattice model whereas

CoAl2O4 does not follow. Further this may also indicate that there is no presence of

the Co+2 in the B-site.

We can see that with increasing the Al concentration the LKDM ‘u’ parameter
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5.4 Discussion

estimated from the superexchange interactions decreases sharply. This could be the

possible origin behind the lowering of the spin-spiral transition TS and the lock-in tran-

sition TL. As the u value decreases, the geometric magnetic frustration is expected to

decrease according to the LKDM model, but the experimental measure of frustration,

i.e., the frustration index f sharply increases for x ≥ 0.5 and reaches maximum for

x = 0.8, and then decreases. Lacking of long range magnetic order may leads to the

frustration in the system. In addition, the the diamond lattice formed in the A-site

also gives rise to the frustration as the B-site contribution becomes weak. In deed this

is anticipated as the source of frustration in the case of CoAl2O4 [68, 69, 128, 129].

Fig.5.15 demonstrates the tentative magnetic phase diagram of Co(Cr1−xAlx)2O4

series extracted from the temperature, field and time dependent magnetic properties.

At a glance one can evaluate the different magnetic phases emerge as a function of

the Al concentration in the range 0 ≤ x≤ 1. Samples for x ≤ 0.1 exhibit four phases

similar to that of the parent compound. For 0.1 ≤ x ≤ 0.2 the phase boundary

between the incommensurate spin-spiral and commensurate spin-spiral marked with

the lock-in transition TL disappears, and the samples show only three phases. For

0.2 ≤ x ≤ 0.8 samples the spin-spiral phase seems to be vanished and the magnetic

ordering becomes simple FIM in nature as the contribution from the B-site magnetic

moment is considerable. For x = 1.0 compound ordering becomes simple AFM. Rate

of decrease in the FIM ordering temperature is comparatively more above x = 0.5,

this may indicate the of long range magnetic order in the B-site. It can be seen that

the intensity of the combined phase of long range FIM and short range spin-spirals

observed in case of the parent compound also seems to turn out to be the long range

FIM up to x = 0.5. Samples in the range 0.6 ≤ x ≤ 0.8 show spin-glass-like character

as the Cr+3 ions are diluted with rich Al+3 concentration.
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5. Studies in Co(Cr1−xAlx)2O4 series

5.5 Summary

To summarize this chapter, we have presented the structural, temperature, field and

time dependent magnetic properties of the Co(Cr1−xAlx)2O4 series for x = 0.0−1.0.

Structural properties obtained from the analysis of XRD patterns show that the substi-

tuted Al+3 ions occupy the octahedral or B-site of the spinel structure and the crystal

structure remains unchanged as a function of Al+3 concentration. Study of temper-

ature dependent magnetization as a function of Al+3 concentration shows that the

Al+3 substitution lowers the FIM ordering temperature. This observation understood

in terms of decrease in the strength of the various magnetic exchange interactions

among inter and intra sub-lattices of the spinel structure with the non-magnetic Al+3

ions. The non-collinear spin-spiral phase exists for x ≤ 0.2, beyond this concentration

it vanishes. Samples for 0.6 ≤ x ≤ 0.8 exhibit spin-glass-like character as the long

range magnetic order lacks due to the dilution Cr+3 ions. Further the time dependent

magnetization data also supported this glassy behaviour. Variation in the net mag-

netization of the sample as a function of Al concentration is also understood based

on the magnetic configuration of CoCr2O4. Magnetic phase diagram constructed as

a function of Al concentration offers various magnetic phases as the Al concentration

varies gradually from 0.0 to 1.0. With increasing the Al concentration the FIM phase

smoothly transforms into AFM phase as the contribution from B-site decreases. How-

ever, it may be fruitful to investigate this series with the ac magnetic susceptibility to

further support the conclusions drawn from dc magnetization data in this work.
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Chapter 6

Conclusions

This chapter concludes the dissertation by summarising the overall results obtained

from three distinct substitution effects. Detailed investigations on Co(Cr1−xMx)2O4

(M = Fe, Co & Al) by means of structural, magnetic, EB, and thermodynamic prop-

erties draw the following conclusions.

Substituted Fe ions for Cr-site initially occupy the octahedral (B) site up to 10%,

thereafter they prefer to occupy in both the tetrahedral and octahedral sites. Gradual

replacement of Cr by Fe systematically enhances the FIM transition possibly due to

the result of strengthening of the superexchange interactions. For lower concentrations

of Fe(up to ∼11%), the magneto-structural transition persists and for concentrations

beyond x = 0.3, it gets suppressed. Presumably this is due to the decrease in the under-

lying magnetic frustration with occupation of Fe ions having larger magnetic moment

in the tetrahedral site, which hinders the formation of the spin-spirals [28, 29]. It is

also observed that a few percent of Fe substitution for Cr in CoCr2O4 results in the

magnetization reversal below Tcomp under small applied fields. Further, increasing the

applied field leads to field induced transitions across Tcomp. In the compensated sto-

ichiometry, the coercive field of the loop shows unusual temperature dependence. It

exhibits a divergence, followed by a collapse in the vicinity of Tcomp upon approaching

Tcomp either from above or below the compensation temperature. EB field, evaluated
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6. Conclusions

from the asymmetric characteristics of FC M-H loops, is elucidated to change sign

across Tcomp. This observation in the present bulk insulating compound is replica of

the recent findings in the context of rare-earth intermetallics and core-shell nano par-

ticles [17–19]. This signifies that the sign change in the EB field is not only limited to

the rare-earth intermetallics and core-shell nano particles but also can be observed in

the bulk insulating materials in which magnetization reversal is observed and posses

the magnetic configurations similar to the former. We attempted to understand the

the sign change in EB across Tcomp by considering the spin reorientation. Further, the

thermodynamic properties and the high field susceptibility also show the fingerprints

of this quasi field induced phase transition across Tcomp. In addition, the observa-

tion of EB effect in the conical spin-spiral phase below TS unveils the richness of the

Co(Cr1−xFex)2O4 system. Double switching of EB field and its complicated spectrum

of Co(Cr1−xFex)2O4 system provides the tunable EB as a function of temperature,

cooling field, and Fe concentration and this behaviour, adds the additional degree of

freedom to the multifunctionally of the system. These attributes have great poten-

tial applications in multiferroic based switching device and field effect device [73–75].

Magnetic phase diagram of Co(Cr1−xFex)2O4 series exhibits various magnetic phases

as a function of substituted Fe concentration. It is also explored that metastability

influences the field-temperature magnetic phase diagram of the compensated samples.

In Co(Cr1−xCox)2O4 (x = 0.0−0.1), substituted Co ions are found to reside in the

the B-site. In contrast to the Fe, Co substitution for Cr increases the magnitude of

the magnetization, without any signature of compensation. Due to the non-magnetic

nature of substituted Co ions in the octahedral site, the magnitude of magnetic moment

of B-sublattice decreases and it results in enhancement of the net magnetization of

the compound. In addition, EB effect is observed more significantly only below TL,

and disappears elsewhere. Again this characteristics indicate the entanglement of EB

effect and the lock-in transition. Absence of the EB in the parent compound CoCr2O4
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may further indicates that the non-collinear spin-spirals need to be disturbed with

the substitution to give rise EB effect. We explained the EB below TL in the light

of presence of commensurate spin-spiral and the unidirectional magnetic anisotropy

driven by the non-collinear spin-spirals as noticed in the temperature dependence of

the coercive field.

We extended studies in d0(Al+3) ion substituted series, i.e., Co(Cr1−xAlx)2O4 to

comprehend the non-d0 element substituted series. Substituted Al+3 ions occupy the

octahedral(B)-site. As the Al+3 ion posses zero magnetic moment, effect of the im-

pact of the Al substitution on the magnetic properties up to 50% of Al is similar to

Co+3 substitution. But different magnetic ordering temperatures are lowered quite

fast compared to the case of Co+3 substitution and it may be due to the absence of

d-electrons in Al+3, which are necessary to keep the superexchange interactions alive in

long ranges. In Al rich concentration samples(0.6 ≤ x ≤ 0.8) the short range superex-

change interactions among the diluted magnetic Cr+3 ions gives rise to the observation

of spin-glass-like behaviour. Similar to the Fe substituted series, Co(Cr1−xAlx)2O4 also

possesses rich magnetic phase diagram.

Future scope

The contributions obtained from the different studies in this dissertation lay the foun-

dation for further research in this era. Below listed are the some of remarks/comments

which are under way and should be addressed.

• Even though the detailed characterization claim the homogeneity of the mate-

rials, we can’t rule out the possibility of disorder of randomly substituted ions, the

microscopical clustering and grain boundary effects, hence, defectless single crystalline

samples are appreciable for the study of EB effect, especially in the compensated sam-

ples.

• Further, to probe more deep insight into the underlying magnetic mechanisms
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6. Conclusions

proposed in this dissertation, hi-resolution neutron scattering and/or X-ray magnetic

circular dichroism(XMCD) measurements are highly recommended.

• It may be fruitful to investigate Co(Cr1−xAlx)2O4 series with the ac magnetic

susceptibility to further support the conclusions drawn from dc magnetization data in

this work.

• It is needful to study the magnetoelectric/dielectric properties to sort out the

intricate multiferroic and the strong spin-lattice coupling in these systems which is yet

to be understood.

• We noticed rich magnetic phase diagram in case of Fe and Al substituted series,

but Co substituted series failed to form in the single phase beyond 10%. It will be

appreciable to implement some other method to prepare full series in single phase and

to construct the magnetic phase diagram.

• This study can be extended in the Mn, V and Ga substitution for Cr in CoCr2O4.

Studies on the Co(Cr1−xMnx)2O4 are under progress.
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