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Synopsis

Low-dimensional magnetic systems are in the limelight due to their non-trivial features

originating from strong electron correlation and quantum e�ects. Apart from the simplest

long-range order observed in conventional magnetic materials, complex magnetic phases

arising due to the degeneracy in the ground state have been seen in low-dimensional

systems. In addition to the complex magnetic phases, fascinating features such as

quantum-phase transition, superconductivity, large anisotropy, quantum Hall e�ect, and

multiferroicity are also observed in these systems. Owing to these features, the search

for pseudo-1D systems started picking up momentum. In this kind of system, the crystal

structure is three-dimensional, but it contains in�nite parallel chains of magnetic ions.

An enormously strong intra-chain interaction compared to inter-chain interaction allows

us to probe the low-dimensionality e�ects.

The physics of low-dimensional systems becomes much more interesting if the magnetic

ions are arranged on a frustrated lattice (triangular, kagome, and pyrochlore lattice).

In this category, the pseudo-1D spin chain compounds of structure A3BB′O6 are classic

examples. Here A is a non-magnetic ion, and B, B′ are transition metals. Such systems

acquired geometrical frustration due to the arrangement of magnetic ions on a triangu-

lar lattice. Furthermore, the �exibility of A3BB′O6 in accompanying a wide range of

elements provides an opportunity to deal with the di�erent aspects of low-dimensional

magnetism. Some of the unique features of this class of materials are strong Ising-

like anisotropy, spin density wave order, large coercivity (55 T), colossal magnon gaps,

quantum tunneling of magnetization, superparamagnetic behavior, and multiferroicity.

Among the family of A3BB′O6 structure, the Ca3Co2O6 (A = Ca, B and B′ = Co)

compound was intensively studied due to the strong Ising-like behavior, dynamic mag-

netic structure, and quantum magnetic phenomena. The discovery of quantum tunneling

of magnetization in this system was new because earlier such features were limited to

molecular magnets only. Thus, this system allows us to probe the quantum e�ects exper-

imentally in the family of magnetic oxides. In addition, the coexistence of short-range

and long-range order in this system leads to a complex phase diagram.

The Ca3Co2O6 system crystallizes in the rhombohedral structure, having space group

R3̄c. In the R3̄c setting, the Ca(A), Co1(B), Co2(B′), and O atoms were �xed at 18e
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(x, 0, 0.25), 6b (0, 0, 0), 6a (0, 0, 0.25), and 36f (x, y, z ) sites, respectively. The

crystal structure contains spin chains of alternating Co1O6 octahedra and Co2O6 trig-

onal prisms running parallel to the c-axis. Characteristic features of low-dimensional

materials can be expected in this system because the intra-chain distance of Co ions is

approximately half of the inter-chain separation. The crystal �eld e�ect leads to dissim-

ilar spin states of Co3+ ions at two di�erent environments. In the octahedral site, the

Co3+ ions are in the low spin (S = 0) state, while in the trigonal prism environment,

they are in the high spin (S = 2) state. The intra-chain Co ions are coupled through

a strong ferromagnetic interaction (J 1 ≈ 25 K) along the chain, while the inter-chain

antiferromagnetic coupling is relatively weak (J 2 ≈ 1 K). Furthermore, the weak inter-

chain antiferromagnetic coupling between magnetic ions arranged on a triangular lattice

in the ab-plane leads to geometrical frustration in this system. The system undergoes

an incommensurate amplitude-modulated spin density wave structure below 25 K (T c1),

which, over a time scale of few hours, partially transforms into commensurate antiferro-

magnetic phase. Furthermore, suppression of spin density wave phase and stabilization of

commensurate antiferromagnetic structure was also observed in the pressure-dependent

neutron di�raction study at high-pressure P = 2.1 GPa. In addition to the dynamic

magnetic transition, coexistence of short-range and long-range magnetic order was also

observed below 10 K (T c2). The novelty of this material is the observed successive

steps in the isothermal M-H curves, which correspond to non-equilibrium state. Origin

of such features in the M-H curves is controversial because their appearance is strongly

dependent on the magnetic �eld sweep rate. However, these steps are reminiscent of the

quantum tunneling of magnetization occurring in molecular magnets. Thus, this system

provides an ideal opportunity to study the quantum magnetic phenomena in the family

of oxides.

In recent years, low-dimensional materials that exhibit geometrical frustration have at-

tracted tremendous attention due to their potential application in topological magnetism,

spintronic, and thermal memory devices. Therefore, the unique combination of low-

dimensional features and geometrical frustration observed in Ca3Co2O6 can contribute

to the future development of this material. It is also clear that the Ca3Co2O6 system

exhibits a complex magnetic structure due to the reduced dimension of spin interactions

and competing lattice, spin, electric, and orbital degrees of freedom. Additionally, the

magnetic structure of the system is extremely sensitive to external perturbations such
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as temperature, pressure, and magnetic �eld. The unconventional features and the dy-

namic magnetic structure of the system are indicative of degeneracy in the magnetic

ground state; therefore, the Ca3Co2O6 system is ideal for a thorough understanding of

low-dimensional magnets, which is a topic of enormous interest from condensed matter

physics point of view.

In addition to the external perturbation e�ects, the �exibility of the A3BB′O6 structure

in accompanying a wide range of elements provides additional degree of freedom in

modifying the magnetic structure of the system by an appropriate amount of lower/higher

valence ions substitution. It is concluded that depending on the alignment of dopant ion

moment with Co ion moment, the dominant interaction is antiferromagnetic for Fe,

Cr, and Mn substitution and ferromagnetic for Ir and Rh substitution. Due to the

dominance of ferromagnetic/antiferromagnetic interaction with substitution, the ground

state degeneracy is lifted, and the exotic magnetic features of the system are gradually

suppressed.

As it is clear that the transition metals substitution in this system leads to a strong

magnetoelectric coupling which has potential applications but dramatically in�uences

the characteristic feature of the system. Thus modifying the magnetic structure of this

system with magnetic dopants no longer be a good choice from condensed matter physics

point of view, and strongly suggested to look for non-magnetic dopants, which may have

little e�ect on the intra-chain and inter-chain interactions so that the key features remain

unaltered. As suggested by Ruan et al., the non-magnetic Sc substitution for Co2 ions

(up to 60 %) does not in�uence the intra-chain ferromagnetic interaction. However, the

doping e�ects of other non-magnetic ions in this system are still unexplored.

Considering all these ideas, this system is ideal for exploring the novel aspects of mag-

netism and provides an ideal platform to play around with the metastable phases of the

system. In addition, the Co ion in this system has the possibility of spin state transition

when a higher/lower valence ion is substituted. Thus, the magnetic and electronic struc-

ture of the system is extremely sensitive to external perturbation and doping content.

This thesis is focused on understanding the complex magnetic and electronic structure of

Ca3Co2O6 and the substituted (magnetic/non-magnetic) compound through experimen-

tal results and theoretical predictions. The experimental part involves the characteriza-

tion of structural, magnetic, and electronic states of these samples by X-ray di�raction,
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Raman, magnetization, and X-ray photoelectron spectroscopy measurements. On the

other hand, these features were theoretically predicted by �rst-principles-based density

functional theory calculations results.

This work is organized into 6 chapters:

1. Introduction

2. Experimental and Computational methods

3. Ca3�xDyxCo2O6: Evidence of Cluster-Glass-like Freezing

4. Ca3Co2�xMgxO6: Spin-state Transition of Co ion
(
S = 2→ S = 5

2

)
5. Ca3Co2�xBixO6: Chemical Disorder e�ect and Multilevel thermal memory cell

6. Summary and Conclusions

A brief description of each chapter is as follows:

Chapter 1 introduces low-dimensional magnetism and its technological importance, fol-

lowed by a detailed discussion on pseudo-1D spin chain compounds of structure A3BB′O6.

The fundamental aspects of magnetism, such as long-range order and spin models also

discussed here. It is well known that frustrated magnets often undergo the short-range

spin-glass state at low temperatures; therefore, this chapter also discusses the key fea-

tures of the spin-glass system along with the associated models such as the Edwards-

Anderson, Sherrington-Kirkpatrick, and Cluster-glass model. Furthermore, based on

previous studies, a detailed description of structural, magnetic, electrical, and magneto-

dielectric features of the studied compound Ca3Co2O6 is also given here. Finally, the

motivation to undertake this work has also been discussed.

Chapter 2 describes the various experimental tools used to carry out this work. The ba-

sic principle of the solid-state reaction method, with the necessary precaution that should

be taken care during the sintering process is discussed here. A brief description of various

instruments such as X-ray di�ractometer, Raman spectrometer, Field Emission Scanning

Electron Microscope, XPS spectrometer, and Physical Property Measurement System,

and their working principle is also given here. Furthermore, the operating condition of

these instruments is also provided here. It also brie�y discusses the computational meth-

ods used for magnetic and electronic structure determination of the studied compounds.
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This chapter also covers the various implementation of density functional theory, such

as the plane wave basis, norm-conserving pseudopotentials, ultrasoft pseudopotentials,

and the projector augmented wave. Here we used the projector augmented wave method

implemented in the Vienna ab initio simulation package, commonly known as VASP. The

essential input �les required to run the VASP calculations are also discussed here.

Chapter 3 is the �rst working chapter, starting with the synthesis technique of parent

Ca3Co2O6 and its Dy-doped substituents, followed by the analysis of the X-ray di�rac-

tion data of these samples to determine the crystal structure. Here we found evidence

of cluster-glass-like freezing phenomena in these samples and proposed the procedure

for detecting the softness/hardness of ferromagnetic material whose transition lies at

non-zero �eld. The observed X-ray di�raction, XPS, and magnetization results indi-

cate partial transform of the Co3+ ion into Co2+ ion with Dy substitution to maintain

charge neutrality. Magnetic properties were found to be sensitive to Dy substitution, due

to which the transition temperatures T c1 and T c2 decreases, and the glassy behavior

gradually suppressed with Dy concentration. The higher experimental value of µe� for

Dy-doped samples indicates the strong anisotropic magnetic character identi�ed from the

non-equilibrium nature of magnetic properties. Isothermal magnetization curve depicts

step-like change indicative of the �rst-order transition, which decreases with the increase

of substitution. The Brillouin function was used to determine the `spins', participating

at this �rst-order transition
(
J
(
1
2

)
→ J

(
3
2

))
. Relaxation measurements revealed the

existence of short-range Cluster-glass-like behavior. Analyzing the results using Vogel-

Fulcher law shows that the Vogel-Fulcher temperature (T 0) and the relaxation time are

around 10 K and 104 sec, respectively.

Chapter 4 deals with the spin-state transition of Co ion
(
S = 2→ S = 5

2

)
in hole sub-

stituted (Mg) 1D chain of Ca3Co2O6 apparent in the magnetic susceptibility, XPS, and

�rst-principles study. We have prepared the polycrystalline samples by standard solid-

state reaction method. Rietveld re�nement of XRD data con�rms that the doped Mg ion

occupies the high spin trigonal prism site without altering its 1D character, which lefts

its mark on the M-H curves. M-T ZFC-FC data reveals that the transition temperatures

T c1 and T c2 remain una�ected with the doping content of Mg, whereas the µe� increases

and θ decreases. The increase in µe� and decrease in θ is associated with the induced

Co4+ (S = 5/2) ions arising due to the substitution of Mg2+ ions. Our study shows

a reasonable agreement between e�ective magnetic moment (µe�) determined from the
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Curie�Weiss �t with that from the XPS analysis and �rst-principles calculations study.

We have attributed the decrease in positive intra-chain exchange interaction constant

(J 1/ kB) to the antiferromagnetically coupled induced Co4+ ions (S = 5/2) arising from

the Mg2+ ions substitution. The in-�eld metamagnetic transitions in the isothermal

M-H curves below the critical �eld (H c) have been accurately mapped and successfully

explained by the change in magnetic entropy (∆S ) calculations and Arrott plots. We

also examine the e�ect of Mg substitution on the magnetic and electronic structure of

Ca3Co2O6 by �rst-principles calculations. It involves generalized gradient approxima-

tion with Coulomb interaction (U ) in exchange-correlation energy functional. Electronic

structure study reveals hole-type doping of Mg atom, and the Fermi level (EF) shifts

below. Density of state and band structure calculation indicates strong hybridization

between partial states of Co-3d and O-2p orbitals for the Mg-doped compound due to

which the band crossing at Fermi level is observed, and a hole-type Fermi surface is

formed.

Chapter 5 mainly discusses the technological importance of parent Ca3Co2O6 and its

Bi-doped substituents in thermal memory cell. We prepared polycrystalline samples of

Ca3Co2�xBixO6 (x = 0, 0.05, 0.1, 0.15, and 0.2) by standard solid-state reaction method

and proposed a new route of multilevel storage based on thermal manipulation that can

be utilized in thermal memory cell to make it feasible. Rietveld re�nement of XRD data

con�rms the single-phase formation, and the compound crystallizes in the Rhombohedral

structure with space group R3̄c. The bond-length analysis indicates the interplay of

reduced dimensionality and bond randomness e�ect. Magnetic properties were found to

be sensitive to Bi-substitution, due to which the T c1 decreases while the T c2 increases.

The µe� decreases monotonously with Bi-content while the θ shows unusual dependence

on Bi-concentration. The phenomena of virgin M-H curves lying outside the M-H loop

suggested the kinetic arrest of spin dynamics of the system. The cyclic temperature

experiments have been performed to demonstrate the recurrence in the multilevels of the

relaxed magnetization paths, which was not noticed earlier. The exquisite reproducibility

of relaxed magnetization as a function of temperature under a non-equilibrium phase

makes such a phenomenon unique. We showed that the information could be stored in

terms of a constant magnetization value corresponding to each temperature below T c2,

which is easily recoverable with temperature cycling. Our results suggested that this new

approach will be much more e�cient than the reported ones and has the potential to
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make thermal memory devices faster and stable. This work will lead to the exploration in

a variety of such materials having non-ergodicity as a possible route of thermal memory

storage which should eventually lead a new outlook toward data storage.

Chapter 6 presents the summary and conclusion of the work carried out in this thesis.

It also provides the future scope of the current work.
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Chapter 1

Introduction

Investigation of quantum magnetic phenomena in the reduced spatial dimension of

spin interactions is an advanced �eld of research from a fundamental science angle and

application point of view. Also, it provides an ideal platform for a physicist to study

the quantum e�ects experimentally and describe such novel phenomena using theoretical

low-dimensional spin models. Ernst Ising was the �rst who introduced the importance of

dimensionality in the one-dimensional (1D) chain of spins and concluded that no long-

range ordered state is possible above absolute zero temperature [1]. The absence of

long-range ordering in the 1D system at �nite temperatures leads to peculiar phenomena

which are not possible in three dimensions. Although it was impossible to construct

an ideal 1D magnetic system experimentally, therefore, the search for pseudo-1D ma-

terials started picking up momentum to demonstrate these unconventional features. In

the pseudo-1D systems, although the crystal structure is three-dimensional, it contains

an in�nite number of parallel chains of magnetic ions with strong intra-chain coupling

(J ) and a relatively much weaker inter-chain coupling (J ′). An enormously large value

of J/J ′ ratio allows an experimentalist to probe the low-dimensionality e�ects along

with the long-range magnetic order over an accessible range of temperature. Therefore,

the pseudo-1D systems are ideal for studying the combined e�ects of low-dimensional

quantum phenomena and long-range order, a topic of enormous interest in condensed

1
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matter physics. In this category, the pseudo-1D spin-chain compounds are the classical

examples acquiring exotic quantum magnetic phenomena such as superconductivity [2�

5], quantum-phase transition [6, 7], multiferroicity [8�10], quantum Hall e�ect [11, 12],

spin-density wave order (SDW) [13�16], and large anisotropy [17�19]. Considering these

results, this class of materials alone can cover most of the �eld of quantum magnetism and

is also important for application purposes. Therefore, discovering new low-dimensional

materials is essential for an insightful understanding of strongly correlated electron sys-

tems and quantum magnetism, which can bring tremendous progress in the �eld of

condensed matter physics.

In addition to the success of pseudo-1D spin-chain compounds in revolutionizing the �eld

of experimental condensed matter physics, most of the materials belonging to this family

have been found to follow the low-dimensional spin models. It is well known that the

numerical and analytical treatment of magnetic systems to obtain various structural and

magnetic parameters is greatly simpli�ed when the magnetic interactions are con�ned.

Section 1.1 describes some simpli�ed spin models for low-dimensional systems. In ad-

dition, as the peculiar features in correlated electron systems strongly depends on its

microscopic characteristics, such as the geometry of the system, nature of magnetic in-

teractions, electronic structure, and spin arrangements, therefore, it opens up the scope

to study these e�ects using �rst-principles based density functional theory calculations.

Such studies at the microscopic level can be helpful in the description of puzzling features

of quantum magnetism. Thus, this class of materials potentially gives scope for a thor-

ough understanding of the unsolved issue of quantum magnetism from both theoretical

and experimental perspectives.

Among the family of pseudo-1D spin-chain compounds, a particular class of materials of

structure A3BB′O6 (A is a non-magnetic ion, and B and B′ can be transition metals and

non-magnetic ions) has drawn tremendous attention due to the �exibility of accompany-

ing a wide range of elements. Thus, it provides an enormous number of materials with

unique properties of crystal �eld e�ects, strong anisotropy, and quantum e�ects, which

can be helpful in solving the issue of modern-day condensed matter physics. Compounds

belonging to the A3BB′O6 structure crystallize in the rhombohedral structure of space

group R3̄c [9, 14]. However, if the B and B′ are Jahn-Teller active ions, the compound
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Figure 1.1: (a) Crystal structure of pseudo-1D spin-chain compound of type A3BB
′O6

formed by the chains of alternating BO6 octahedra and B′O6 trigonal prisms along the
c-axis (b) projection view of these chains on the ab plane.

undergoes monoclinic distortion (space group C2/c). In the rhombohedral setting, the

A, B, B′, and O atoms were �xed at 18e (x, 0, 0.25), 6b (0, 0, 0), 6a (0, 0, 0.25), and

36f (x, y, z ) sites, respectively. The crystal structure consists of an in�nite number of

magnetic chains of alternating BO6 octahedra and B′O6 trigonal prisms running along

the c-axis, separated by non-magnetic A ion (Fig. 1.1(a)). As shown in the projection

view on the ab plane (Fig. 1.1(b)), these chains are arranged on a triangular lattice,
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which leads to geometrical frustration in the system. In the A3BB′O6 structure, the A

ion is divalent (2+), whereas the B and B′ can be either both trivalent (3+) or tetrava-

lent (4+) and divalent (2+), respectively. The crystal �eld variation creates a low-spin

(LS) state at the octahedral site, and a high-spin (HS) state at the trigonal prism envi-

ronment. The pseudo-1D character in this type of structure is primarily due to stronger

intra-chain interaction of magnetic ions and a comparatively much weaker inter-chain

interaction. Thus, the emergence of exotic magnetic features in this system is a result

of frustrated geometry with low-dimensional nature. Some of the important features of

materials belonging to this family are strong ferromagnetic anisotropy [20], superpara-

magnetic behavior [21], enormously large coercive �eld [22], strong Ising behavior [23],

multiferroicity [24], magnetic �eld-dependent dynamic ordering [25], colossal spin-wave

gap [26], and quantum tunneling of magnetization (QTM) [27].

This thesis investigates the structural, magnetic, and electronic properties of the Ca3Co2O6

and its substituents, a material belonging to the A3BB′O6 family (A = Ca, B and B′

= Co). In this system, the crystal �eld splitting leads to di�erent spin states LS (S

= 0) and HS (S = 2) of Co3+ ions at the octahedral (Co1) and trigonal prism (Co2)

environments, respectively [28, 29]. Furthermore, the Co2 ions along the chain are cou-

pled through a strong ferromagnetic interaction, while the inter-chain antiferromagnetic

coupling is comparatively much weaker [30, 31]. The interplay of competing interactions

with spin-orbit coupling leads to strong Ising-like anisotropy along the c-axis [18]. In

addition, earlier studies suggested that the spin chains can be treated as a giant mo-

ment, and the overall system can be considered as two-dimensional Ising spins (↑ or ↓)

[32�34]. Therefore, these results allow the description of the intriguing magnetism of this

system by simpli�ed spin models. The following section discusses a few of the simpli�ed

low-dimensional spin models.

1.1 Spin Models

In condensed matter physics, the electrons are well localized at each site of the lattice;

therefore, the magnetism of the system can be well described by considering spin degrees

of freedom only. The model Hamiltonian that describes the nearest neighbor exchange
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interaction between spins is given by

H = �
∑
ij

[
Jx S

x
i S

x
j + Jy S

y
i S

y
j + Jz S

z
i S

z
j

]
(1.1)

where J is the strength of the exchange interaction between nearest neighbor (i th and j th)

pair of spins. It is a three-dimensional spin model commonly known as the Heisenberg

XYZ model. The J > 0 corresponds to a ferromagnetic ground state with parallel spins,

while for J < 0, the ground state is antiferromagnetic with antiparallel spins. Some

of the spin models depending on J values are summarized in Table 1.1. There is no

constraint on the spatial dimension of the lattice, and these models can apply to 1, 2, or

3-dimensional systems. However, the classi�cation is based on the dimensionality of the

magnetic order parameter. In the XXX model, the exchange interactions are isotropic

(J x = J y = J z). However, for the XY and Ising models, the exchange interaction has

planar and uniaxial anisotropy, respectively.

Table 1.1: Some of the spin models for magnetic systems.

Model Type Magnetic Order Parameter Spin Dimension

XYZ Anisotropic J x 6= Jy 6= Jz 3

XXX Isotropic J x = Jy = Jz 3

XY Planar anisotropy J x = Jy 6= 0, Jz = 0 2

Ising Uniaxial anisotropy J x = Jy = 0, Jz 6= 0 1

It is well known that the long-range magnetic order in a system is a three-dimensional

e�ect. For the low dimensional systems (1D or 2D lattice), the ordered state is not

possible above absolute zero temperature for both XY and Heisenberg models. On the

other hand, for the Ising model in a 2D square lattice, the phase transition is observed

at �nite temperatures [35, 36]. The following subsections discuss the Ising model in one

and two dimensions.
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1.1.1 1D Ising model

It is the simplest model in magnetism, consisting of a linear chain of spins that can be

either up (↑) or down (↓) [1]. In the 1D Ising model, the spin and spatial dimensions are

one, and each spin can only interact with its nearest neighbors. The greatest advantage

of this model is that it can be solved analytically. Let us consider a linear chain of N

spins where each spin can have a value of either +1 for the up con�guration or -1 for

the spin down con�guration. Thus, a total of 2N spin con�gurations are possible for the

system. The Hamiltonian for this system is de�ned as

H = � J
N∑
i=1

Si Si+1 � B

N∑
i=1

Si (1.2)

where the �rst term represents the exchange interaction energy of the spins (Si and

S i+1 = ±1), and the second term stands for the coupling of spins with external magnetic

�eld B. For simplicity, consider the case of the ferromagnetic Ising chain (J > 0) in which

spins are aligned parallel (Fig. 1.2) under the periodic boundary condition

SN+1 = S1. (1.3)

Figure 1.2: One-dimensional ferromagnetic Ising chain.

The partition function Z is given by

Z =
∑

e�βH =
∑

exp

[
β

(
J

N∑
i=1

Si Si+1 + B

N∑
i=1

Si

)]
(1.4)

where β = 1
kT and S i = ±1. Using the transfer matrix method [37], the partition function

can be written as

Z = (λ+)
N + (λ�)

N (1.5)

where

λ± = eβJ
[
cosh (βB) ±

√
cosh2 (βB) � 2e�2βJ sinh (2βJ)

]
. (1.6)

TH-3248_176121101



Chapter 1: Introduction 7

The Helmholtz free energy F can be obtained by using the relation

F = �kBT lnZ. (1.7)

In the thermodynamic limit (N → ∞), the second term in Eq. 1.5 is negligible so that

the free energy per spin can be expressed as

F

N
= �kBT lnλ+ = � J � kBT ln

[
cosh (βB) +

√
cosh2 (βB) � 2e�2βJ sinh (2βJ)

]
.

(1.8)

The average magnetization can be obtained from the free energy expression

M

N
= �

1
N

∂F

∂B
=

sinh (βB)√
cosh2 (βB) � 2e�2βJ sinh (2βJ)

. (1.9)

It is clear from Eq. 1.9 that at zero magnetic �eld (B = 0), the average magnetization

vanishes for all the temperatures. Thus, the 1D Ising model does not exhibit ferromag-

netism.

1.1.2 2D Ising model

In 1944, Onsager solved the Ising model on a 2D square lattice for the zero magnetic

�eld case [35]. It is predicted that long-range magnetic ordering can occur at �nite

temperatures. To understand this, let us consider a 2D square lattice of L×L sites,

where each site represents spin S i,j (i and j run from 1 to L) that can be either +1 or -1.

The boundary condition for this system is that the end points of each row and column

are connected. Considering the nearest-neighbor interaction only, the Hamiltonian for

this system can be written as

H = � J
L∑

i,j=1

Si,j (Si,j+1 + Si,j�1 + Si+1,j + Si�1,j) � B

L∑
i,j=1

Si. (1.10)

In solving the 2D Ising model, L. Onsager used the transfer matrix method. Onsager's

solution for the 2D Ising model (B = 0) predicts a phase transition at a �nite temperature
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Figure 1.3: 2D square lattice con�guration where endpoints are connected. Each site
in this lattice represents spin, and each spin is coupled to its four nearest neighbors.

TC,

TC =
2J

kB ln (1 +
√
2)

(1.11)

and the magnetization M corresponding to this transition is given by

M =
[
1 �

(
sinh2 (2βJ)

)�2] 18 . (1.12)

Thus, it is clear from the theoretical models that at �nite temperatures, the long-range

magnetic order is possible for higher dimensions (2D and 3D) only. However, long-

range magnetic ordering is still important in the context of pseudo-1D systems, as these

compounds show phase transition at �nite temperatures. The phase transition in such

system is due to the three-dimensional crystal structure of the system. The following

section deals with the magnetically long-range ordered states.

1.2 Magnetic Order and Structures

In the previous section, various spin models of magnetism are presented in detail. Now,

the di�erent magnetic ground states arising due to the alignment of spins will be dis-

cussed. In an atom with partially �lled localized d or f electrons shell, magnetization
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occurs due to the net orbital angular moment and intrinsic spin of the unpaired elec-

trons. The exchange interaction between these electrons is an important consequence of

repulsive Coulomb force and the antisymmetric wavefunction characteristics for fermions.

Thus, the long-range magnetic ordering arising due to exchange interactions is a quan-

tum magnetic phenomenon, and it is an equilibrium state. The equilibrium state is a

result of symmetry breaking, an abrupt change [38]. Thus, the phase transition at critical

temperature is a sharp change between disordered (symmetric) and ordered (broken sym-

metry) states, and the corresponding order parameter is magnetization. The following

subsections discussed the various magnetically ordered states.

1.2.1 Ferromagnetism

It refers to the parallel alignment of spins such that the electrostatic energy of electron

interaction is minimum for the case when all spins are parallel to each other compared

to any other spin con�guration (Fig. 1.4(a)). Thus, the parallel-spin con�guration is

the most stable structure for the case Jij > 0 in Eq. 1.13. The de�ning feature of

ferromagnetism is spontaneous magnetization below a characteristic temperature TC,

even in the absence of a magnetic �eld. However, above TC, the thermal �uctuations

dominate over the magnetic exchange interaction energy leading to paramagnetic phase.

In order to know the underline cause of the alignment of spins (Fig. 1.4(a)), one has to

solve the Hamiltonian

H = �
∑
ij

Jij Si .Sj + gµB
∑
j

Sj .B (Jij > 0). (1.13)

In solving Eq. 1.13, Weiss used the Langevin model and de�ne an e�ective molecular

�eld Be� of neighboring spins at the i th site

Be� = �
2

gµB

∑
j

Jij Sj. (1.14)

Using this approximation, the Hamiltonian in Eq. 1.13 can be simpli�ed to

H = gµB
∑
i

Si . (B + Be�) (1.15)
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Figure 1.4: Characteristic features of ferromagnets (a) parallel alignment of spins
(b) mean-�eld magnetization with the temperature at di�erent J values (c) Graphical

representation of Eq. 1.17 for di�erent temperature regions at B = 0 [38].

which is similar to the Hamiltonian for a paramagnet under a �eld of B + Be�. In the

case of a ferromagnet, the molecular �eld tends to align the neighboring spins; therefore,

it is proportional to the magnetization [38, 39]

Be� = αM (where α > 0 for a ferromagnet). (1.16)

Now the problem can be treated as a paramagnet under an applied �eld of B + Be�

M

Ms

= BJ(x) (1.17)

where BJ(x) is the Brillouin function with x =
gJµB(B+Be�)

kBT
and M s = NgJµB. Let

us consider the case of zero �eld B = 0. At higher temperatures, there is no solution

for Eq. 1.17 except for x = 0 and M s = 0 case; hence no spontaneous magnetization

occurs. On the other hand, below a critical temperature TC, Eq. 1.17 is solvable, and

spontaneous magnetization occurs even in the absence of a magnetic �eld, which increases

with the decreasing temperature, characteristics of ferromagnets (Figs. 1.4(b) and (c)).

The transition temperature is given by

TC =
Ng2µ2B J(J+ 1)α

3kB
. (1.18)

Above this temperature TC, the susceptibility χ ∝ 1
T�TC

. From Fig. 1.4(b), it is clear

that the derivative of magnetization must be discontinuous at T = TC; therefore, the
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Figure 1.5: (a) Spin arrangement in the antiferromagnetic structure consisting of
two interpenetrating sublattices of spin-up (red arrow) and spin-down (green arrow)

con�gurations. (b) Canted antiferromagnetic structure.

ferromagnetic transition is a second-order phase transition.

1.2.2 Antiferromagnetism

According to Weiss's theory, if the J ij in Eq. 1.13 is negative, the molecular �eld is

adjusted such that the electrostatic energy of electron interaction is minimum for the

case when all the neighboring spins are antiparallel to each other compared to any other

spin con�guration (Fig. 1.5(a)) [38]. Such a con�guration of spins in a lattice is called an

antiferromagnetic structure. Usually, it occurs in systems having two interpenetrating

sublattices. Out of these two sublattices, one point for the spin-up con�guration and

the other for down spins (Fig. 1.5(a)). The molecular �eld for up (B↑e�) and down (B↓e�)
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sublattices is given by

B
↑
e� = � |α|M↓

B
↓
e� = � |α|M↑

(1.19)

where α < 0, and M↓, M↑ are given by

M↑ = MsBJ

(
gJµB

(
B + B

↑
e�

)
kBT

)

M↓ = MsBJ

(
gJµB

(
B + B

↓
e�

)
kBT

)
.

(1.20)

As the sublattices are identical in everything except opposite spins, therefore the |M↓| =

|M↑| = |M|. Considering the case for B = 0, the magnetization for both the sublattices

has the same form as in Eq. 1.17 but has opposite directions so that the net magnetization

(M↑ + M↓) will be zero. However, for a single sublattice, the system follows the same

trend as for the ferromagnet (Figs. 1.4(b) and (c)) below a critical temperature called

Neel temperature TN. Above this temperature, the susceptibility χ ∝ 1
T+TN

. Thus

depending on the nature of the exchange interaction, the magnetic susceptibility above

a critical temperature has the Curie Weiss dependence

χ =
C

T � θ
(1.21)

where C is the Curie constant and θ is the Weiss temperature. For ferromagnets θ > 0

while for the antiferromagnets θ < 0.

However, in some cases (Hematite) [40], the cancellation of two interpenetrating sub-

lattices magnetization is incomplete due to the tilting of exchange bonds and defects

in the lattice or impurities (Fig. 1.5(b)). It leads to spin canting, and the system ex-

hibits a canted antiferromagnetic structure that has the characteristics of ferrimagnet

and ferromagnet.
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1.2.3 Ferrimagnetism

In the case of antiferromagnets, the two opposite sublattices were identical, so the net

magnetization was zero (Fig. 1.5(a)). However, in the case of di�erent crystal envi-

ronments at these sublattices, they may not be opposite and identical. Thus, the net

magnetization will not be zero, and the temperature dependence on magnetization might

be quite di�erent from Fig. 1.4(b). Such a spin con�guration of two non-equivalent sub-

lattices is called a ferrimagnetic structure. It usually occurs in ferrites and garnets, which

have non-equivalent sites of opposite sublattices [38]. Ferrites have a spinal crystal struc-

ture (AB2O4), where A and B ions sit at tetrahedral and octahedral sites, respectively

[38]. Thus, due to the non-identical environment and di�erent ions at these sites, these

sublattices are non-equivalent. On the other hand, the garnets (R3Fe5O12) have a cubic

crystal structure, where R is the rare earth ion. Similar to the ferrites, the garnets also

have non-equivalent sublattices [38]. Out of the �ve Fe3+ ions, three are at the tetrahe-

dral site, the remaining two are in the octahedral environment, while the rare earth ion

R3+ is at the dodecahedral site. In general, ferrimagnets are insulator; therefore, they

are more suitable for practical applications than ferromagnets.

1.3 Magnetic Frustration and Short-range Order

The long-range magnetic order (ferromagnetic, antiferromagnetic, and ferrimagnetic)

are brie�y discussed in section 1.2. It is concluded that depending on the sign of Jij

in Eq. 1.13, the neighboring spins can align parallel or antiparallel. However, in some

systems, all the exchange interactions can't be satis�ed simultaneously, which leads to

frustration in the system. Therefore, the frustrated system exhibits degeneracy in the

ground state, leading to a complex magnetic phase diagram such as the short-range

ordering of incompatible spin interactions. These unconventional phenomena usually

occur due to geometrical features or competing magnetic interactions.

1. Geometrical frustration is a well-de�ned characteristic of Ising antiferromagnet

on an edge-sharing triangular lattice arrangement [41, 42]. In this arrangement,

when two spins are antiparallel, the third spin is either up or down (Fig. 1.6).
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Figure 1.6: Geometrical frustration in the triangular lattice arrangement of an Ising
antiferromagnet. The square with a ? symbol represents the �appable spins. Each
con�guration ((b) and (c)) has two satis�ed (violet line) and one unsatis�ed (red line)

exchange interaction.

Thus, for each triangular lattice, one spin remains undetermined. Therefore, in the

case of N Ising spins on triangular lattices, there will be minimum 2N/3 ground

states with entropy N
3
kB ln2. Extensive entropy at absolute zero temperature is a

characteristic feature of frustrated systems. In such a system, the ground state has

a large in�uence from perturbations such as lattice distortion, single-ion anisotropy,

and magnetic interactions. As the degeneracy in the ground state is purely due to

the geometry of the system, not by the symmetry of the Hamiltonian. Therefore,

such perturbations also play a crucial role in de�ning the key features of frustrated

systems, which can enhance the complexity of the magnetic structure of the system.

Other examples of frustrated lattices are the kagome lattice and the pyrochlore

lattice (Fig. 1.7) [43�46].

2. The magnetic frustration originates from the competitive magnetic interactions

present in the system, so the ground state remains destabilized. It involves order-

by-disorder phenomenon, which leads to quantum �uctuations in the system [47].

The magnetic ordering in these systems is suppressed to very low temperatures

or may be absent. At su�ciently low temperatures, the quantum �uctuations are

dominant over thermal �uctuations leading to a plethora of quantum magnetic

phenomena. Thus, the quantum e�ects are most susceptible to such kinds of sys-

tems. Consider the case of a square lattice with nearest (J 1) and next nearest

neighbor (J 2) coupling where J 2 is antiferromagnetic (Fig. 1.8). If we �rst look

at the possibility of J 1 being antiferromagnetic, the problem can be treated as a
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Figure 1.7: Frustrated lattice in two dimensions (a) Triangular (b) Kagome and three
dimensions (c) Pyrochlore.

nested triangular lattice arrangement. When the two interactions are comparable

(J 1 ≈ J 2), the square lattice structure in Fig. 1.8 reaches the limit of triangular

arrangement, thereby providing frustration in the system [48]. On the other hand,

in the case of J 1 to be ferromagnetic, magnetic frustration can occur if J 1 ≈ -J 2.

However, if we consider the J 2 to be ferromagnetic (Fig. 1.8), all the interac-

tions can be satis�ed simultaneously, which leads to long-range order and hence no

frustration.

It is clear that the frustration in the system greatly suppresses the long-range order so

that the critical temperature decreases up to some extent. For an ideal antiferromag-

net, the ordering temperature TN is supposed to be at |θ|. However, for a frustrated

Ising antiferromagnet, the TN decreases much below |θ|, and the ratio |θ|
TN

is de�ned

as frustration parameter f. It turns out that for f > 5, the inter-cluster interaction of

short-range ordered spins dominates over long�range magnetic order, and a short-range
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Figure 1.8: Square lattice arrangement considering nearest J 1 and next nearest neigh-
bor J 2 interactions only. The solid violet line stands for J 1, and the red dashed line is

for J 2.

spin-glass state is formed. In the pseudo-1D systems (A3BB′O6 type), the magnetic ions

are arranged on a triangular lattice in the ab plane where the nearest and next nearest

neighbor interaction is ferromagnetic and antiferromagnetic, respectively. Therefore in

the context of A3BB′O6 type pseudo-1D systems, the magnetic frustration and hence

short-range interacting spin clusters are important. The following section discusses the

key features of the unusual spin-glass state.

1.4 Spin Glass

A consequence of frustrated geometry with degeneracy in the magnetic ground state is

that the spins are frozen into random orientation so that a short-range spin-glass state

is formed below a characteristic temperature called freezing temperature T g. Although

the glassy phase was experimentally discovered in 1966 by Violet [49], but it started

picking up special attention after the susceptibility results by Mydosh [50]. It was found

that most of the spectacular features of glassy systems were primarily due to the large

number of anisotropic metastable states. The next subsection deals with the various

unconventional features in the magnetization measurements arising due to the freezing

of spins below T g.
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1.4.1 Basic features

The characteristic feature of spin-glass system is the peak in the susceptibility data at

T g (Fig. 1.9(a)). It is found that the peak is highly sensitive to the applied magnetic

�eld (Fig. 1.9(b)) [50, 51]. Another most spectacular feature of the spin-glass system is

the oscillating �eld frequency dependency of peak temperature. In the AC susceptibility

measurement, the susceptibility χ is given by χ = χ′ + iχ′′, where χ′ and χ′′ are real

and imaginary components, respectively. It is found that the cusp in the χ′ data moves

towards the right with increasing frequency (Fig. 1.10) [52]. On the other hand, the

χ′′ data shows a sharp anomaly in the vicinity of T g (Fig. 1.10) [52]. It is also noted

Figure 1.9: Susceptibility data of Gold-Iron alloys for di�erent concentrations of Fe
[50]. (a) Low �eld χ vs. T plot for varying concentrations of Fe (1% to 8%), where the
inset shows the enlarged plot for lower Fe concentrations (1% and 2%). (b) χ vs. T

plot at di�erent magnetic �elds (100 G to 300 G) for lower Fe concentrations, and the
solid lines for the zero-�eld case.

that the χ′′ increases monotonically with increasing frequency. The dependence of AC

susceptibility data (χ′ and χ′′) on the frequency of the oscillating magnetic �eld indicates

a slow relaxation process in the spin-glass system, which arises due to the non-equilibrium

nature of magnetic properties in this region. The relaxation time τ for this process is

given by τ = 1/ω where ω = 2πf, and f is the frequency. Classi�cation of the spin-glass

system is based on the Mydosh parameter S given by S = 1
Tg

∆Tg
∆log10f

, where∆Tg = (Tg)f2

- (Tg)f1 and ∆log10f = log10f2 - log10f1 [53]. Basically, it measures the sensitivity with

the frequency of magnetic �eld oscillations, which is very robust to interacting magnetic

entities. In the long-range ordered system, the interaction is strong; therefore, a large

frequency �eld oscillation is required to produce a detectable shift in AC susceptibility.
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Figure 1.10: AC susceptibility vs. temperature at di�erent frequencies of magnetic
�eld oscillations [52]. (a) χ′ vs. T, where the χFC denotes the �eld-cooled susceptibility

under an applied magnetic �eld of 50 mG. (b) χ′′ vs. T at selected frequencies.

On the other hand, for the spin-glass system, the magnetic entities are weakly interacting;

Figure 1.11: Speci�c heat vs. temperature at various magnetic �eld for CuMn system
(Tg = 3 K) [55].

therefore, the shift in AC susceptibility is easily detectable. Usually, the value of S lies in

the range 0.005 to 0.08 for spin-glass, while for the superparamagnetic system, it is around

0.2 [54]. The spin-glass systems are categorized into non-interacting spins/canonical spin-

glass (S = 0.005-0.01) and interacting spin-clusters/cluster-glass (S = 0.02-0.08). For

non-interacting magnetic entities, the relaxation time is given by Arrhenius law τ = τ0
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exp
[
EA
kBT

]
, where τ0 is the spin-�ip time for a single spin or magnetic entity, and EA is

the activation energy required to separate adjacent magnetic entities. However, for the

interacting spin-clusters, the dynamics is well described by the Vogel-Fulcher law τ =

τ0 exp
[

EA
kB(T�T0)

]
, where T0 is the Vogel-Fulcher temperature. Dynamic scaling model,

commonly known as power law often employed to examine the frequency dependence

of freezing temperature. The slowing down of Tg is governed by the τ = τ0

[
T�Tg
Tg

]�zν
,

where zν is the critical exponent. For the spin-glass system, the zν lies between 4 and 12.

In addition to the peak in the susceptibility data at Tg, no such anomaly was observed

in the speci�c heat analysis in the vicinity of Tg (Fig. 1.11) [54, 55].

Figure 1.12: Magnetic relaxation measurements using di�erent �eld cooling pro-
tocols for a set of waiting time tw. (a) Zero-�eld-cooled magnetic relaxation for
(Fe0.15Ni0.85)75P16B6Al3 (T = 20.3 K and Tg = 22.6 K) (b) thermoremanent magne-
tization relaxation for RuSr2Gd1.5Ce0.5Cu2O10�δ (T = 60 K and Tg = 72 K) [52,56].

Another crucial feature of the spin-glass system is the prolonged relaxation of magneti-

zation [52, 56]. This non-equilibrium phenomenon of spin-glass systems can be studied

when these systems are cooled from a temperature much above Tg to a temperature be-

low Tg under di�erent �eld cooling protocols. In the zero-�eld-cooled (ZFC) relaxation

measurement, the system is cooled in the absence of external magnetic �eld down to

the temperature below Tg. At the measuring temperature, an external magnetic �eld

is applied, and the magnetization is recorded with time. For the thermoremanent mag-

netization relaxation measurements, the system is cooled from room temperature under

an applied magnetic �eld. After a waiting time of tw at the measuring temperature, the

magnetization is recorded with time in zero �eld. It is found that the relaxation time

strongly depends on the tw (Fig. 1.12), the time for which the system is exposed to the
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external magnetic �eld. The time dependence of magnetization can be well described

by the stretched exponential relaxation function. In addition, the memory and rejuve-

nation e�ects in the magnetic relaxation measurements are another most spectacular

manifestation of non-equilibrium dynamics.

1.4.2 Edwards-Anderson model

The �rst theoretical model for understanding spin-freezing phenomena below a critical

temperature was proposed by Edwards-Anderson [57�59]. It is based on the classical

Hamiltonian

H = �
∑
ij

Jij Si Sj (1.22)

on a simple magnetic system considering the nearest neighbor interactions only. The

frustration in such systems has been introduced by taking random coupling Jij among

spins speci�ed by the probability distribution of Jij. In the Edwards-Anderson model,

usually, the Jij has a Gaussian distribution

P(Jij) =
1√
2πσ2

e
�

J2ij

2σ2 (1.23)

where σ2 is the variance. Therefore, it is a �nite-dimensional spin model (coupling among

nearest neighbors only) with quenched disorder. Edwards-Anderson used the `replica

method' which greatly simpli�ed the problem of averaging over free energy (logarithm of

partition function Z ) to average of Z n. It is similar to averaging over n replicas of the

system hence known as the replica trick. The vanishing magnetization below Tg ensures

that no long-range order is possible in the spin glass phase. On the other hand, the

non-zero value of the order parameter

Q =
1
N

∑
i

〈Si〉2 (1.24)

below Tg signi�es the freezing of spins into intermediate metastable states, while for T

> Tg, the Q becomes zero. Further optimization of free energy w.r.t. Q leads to a

cusp-like feature in magnetization at Tg, and at this temperature, the Q attains a non-

zero value. Thus, the bond disorder introduced by the Gaussian distribution of Jij was
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successful in predicting a short-range spin-glass state below Tg. In addition, this model

also predicts the cusp-like feature in the speci�c heat at the same temperature Tg which

is contrary to experiments [60�62].

1.4.3 Sherrington�Kirkpatrick model

Like the Edwards-Anderson model, it also assumes the same distribution for Jij (Eq.

1.23) [63�65]. The choice of variance
(
σ2 = 1

N

)
in Eq. 1.23 makes the free-energy density

independent of total spins N. However, in this model, each spin can interact with all other

spins in the system so that the number of neighbors is in�nite. Thus, the Sherrington-

Kirkpatrick model is an extension of the Edwards-Anderson model [63]. The key feature

of this model is a phase transition below Tg. On the other hand, the replica symmetric

ansatz used by Sherrington and Kirkpatrick turns out to be unstable and yields negative

entropy below the AT line, which is unphysical [66]. These undesirable outcomes of

the replica symmetric ansatz suggested the researchers to use di�erent assumptions to

facilitate the solution [67�69]. In this manner, several attempts have been made to break

the replica symmetry [70�73], and the solution was given by Parisi, commonly known

as the Replica symmetry breaking solution [74�76]. It was thoroughly proved that the

in�nite-steps Replica symmetry breaking provides the accurate solution for free energy

in the mean-�eld Sherrington-Kirkpatrick model.

1.5 Cluster Glass Model

Using the mean-�eld theory, Soukoulis et al. [77�79] proposed the cluster-mean-�eld

theory in which the fundamental entity is interacting spin clusters rather than the single

spin. In this approach, the clusters are identical, with equal number of spins in each

cluster. The Hamiltonian for such a system is written as

H = �

Nspin∑
i,j=1

Ncluster∑
ν,λ=1

Jiνjλ Siν Sjλ (1.25)
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where N cluster is the total number of clusters in the system, and N spin represents the

number of spins in each cluster. Eq. 1.25 is simpli�ed to

H = �
∑
ν<λ

Jinterνλ Sν Sλ �
∑
ν

∑
i<j

Jintraij Siν Sjν . (1.26)

Here J intra
ij and J inter

νλ are the intracluster and intercluster exchange constants, respec-

tively. The intracluster interaction is assumed to be much stronger than the intercluster

interaction. As in Eq. 1.22, the J inter
νλ is a random variable with Gaussian distribution(

P(Jinterνλ ) = 1√
2πJ2

e
�
J2νλ
2J2

)
, while the intracluster interaction is treated exactly. Using

the replica trick, one can obtain the free energy

F = �kBT lim
n→0

1
n

[
Trn exp

(∑
ν<λ

J2

2(kBT)2
∑
α

Sα
ν S

α
λ

∑
β

Sβ
νS

β
λ

�
1

kBT

∑
α

∑
ν

Hαν
cluster

)
� 1
] (1.27)

where Hαν
cluster = -

∑
i<j J

intra
ij Sα

iν S
α
jν , is the intracluster Hamiltonian for the αth replica

and [Sα
ν S

α
λ ,S

α
iν S

α
jν ] = 0. It introduces two variational parameters

q =
〈
Sα
ν S

β
ν

〉
, α 6= β

M = 〈Sα
ν S

α
ν 〉 .

(1.28)

The q is analogous to the Edwards-Anderson spin-glass order parameter where S ν rep-

resents the cluster spin, and M denotes the total spin within a cluster. The free energy

per cluster is given as

F = �kBT
(

J̄2

12(kBT)2
(q2 �M2) +

1
(2π)3/2

∫
d3re�r

2/2 lnTrexp(�βHcluster
e� )

)
(1.29)

where J̄ =
√
zJ, z is the total number of nearest neighbor clusters of a given cluster. The

e�ective cluster Hamiltonian Hcluster
e� is given by

�Hcluster
e� =

∑
i<j

Jintraij Siν Sjν + J̄
√

q

3
r.Sν +

J̄2

6kBT
(M � q)Sν .Sν . (1.30)
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The M and q are derived using variational conditions
(
∂F
∂q

)
M
= 0 and

(
∂F
∂M

)
q
= 0. It

leads to

M =
1

(2π)3/2

∫
d3re�r

2/2Tr
(
Sν .Sν e

�βHclustere�

)
/Z (1.31)

and

M � q =
1

(2π)3/2

∫
d3r re�r

2/2

√
3
q

kBT

J̄
Tr
(
r.Sν e

�βHclustere�

)
/Z. (1.32)

The susceptibility (χ) and speci�c heat (Cm) per cluster can be given in terms of M and

q,

χ =
g2µ2B
3kBT

(M � q)

Cm = Cinter
m + Cintra

m

(1.33)

where Cinter
m and Cintra

m are intercluster and intracluster contributions, respectively. The

Cinter
m and Cintra

m are given by

Cinter
m =

d

dT

(
J̄2

6kBT
(q2 �M2)

)
(1.34)

and

Cintra
m =

d

dT

∫
d3re�r

2/2Tr
(
Hαν

cluster e
�βHclustere�

)
/Z. (1.35)

Similar to the Edwards-Anderson model, the χ attains a sharp cusp at T c, while the

Cm attains a maximum value much above T c. Further study revealed that dynamic

quantities such as correlation function and magnetization decay much slower when the

clusters are present [80].

1.6 Ca3Co2O6

So far, the fundamental aspects of magnetism, such as long-range order, short-range

order, geometrical frustration, magnetic frustration, and spin-glass systems, along with

the theoretical low-dimensional, spin-glass, and cluster-glass (CG) models, have been dis-

cussed. All these features and models are essential in the context of pseudo-1D Ca3Co2O6
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system because the novel magnetic phenomena in this compound result from the inter-

play between them. The following subsections deal with the characteristic features of

the compound.

Figure 1.13: Experimentally proposed magnetic structures in the triangular lattice
arrangement of Ca3Co2O6. Here +, -, and 0 represent ferromagnetic, antiferromagnetic,

and disordered spin chains, respectively.

1.6.1 Crystal structure

Materials belonging to the A3BB′O6 family crystallize in the rhombohedral structure

having space group R3̄c (cf. Fig. 1.1). In the Ca3Co2O6, the crystal structure consists of

an in�nite number of magnetic chains of alternating CoO6 octahedra and CoO6 trigonal

prisms running along the c-axis, separated by non-magnetic Ca ions. These chains

are arranged on a triangular lattice in the ab-plane (cf. Fig. 1.1). In the triangular

lattice arrangement, geometrical frustration is expected if the inter-chain coupling is

antiferromagnetic and spins are Ising type. The intra-chain separation between magnetic

ions (2.59 Å) is approximately half of the inter-chain separation (5.31 Å) [81]; therefore,

one could also expect the 1D character in magnetic properties. The di�erent crystalline

electric �eld at the octahedral (OCT) and trigonal prismatic (TP) geometry lead to

di�erent spin states of Co ions (low spin S = 0 at the OCT site and high spin S =

2 at the TP site) [28, 29, 82, 83]. The electronic state of Co ion at the OCT (Co1)

and TP (Co2) sites was remained mystery for long time. Initially, �rst-principles-based

density functional theory calculations by Vidya et al. predicted that the Co1 and Co2

corresponds to low spin Co4+ and high spin Co2+, respectively [84]. Later, magnetic
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circular dichroism and soft-X-ray absorption spectroscopy results cleared that both the

Co1 and Co2 ions are trivalent [82].

Figure 1.14: Magnetic phase diagram of Ca3Co2O6. Here F, FR, PDA, SF, and
P corresponds to ferromagnetic, ferrimagnetic, partially disordered antiferromagnetic,

spin-freezing, and paramagnetic states, respectively [85].

1.6.2 Magnetic structure

The Ca3Co2O6 exhibits a very rich magnetic phase diagram with temperature and mag-

netic �eld. Therefore, magnetization, neutron di�raction, and NMR studies have been

done to obtain the true magnetic ground state features of the system. Initially, it was

proposed by Kageyama et al. [85] that at low �elds, the system undergoes a partially

disordered antiferromagnetic (PDA) phase below T c1 (25 K), followed by spin-freezing

phenomena below T c2 (10 K). In the PDA structure (↑↑ 0), 2/3 of the chains are an-

tiferromagnetically coupled, while the 1/3 remains disordered (Fig. 1.13) [85�87]. Fur-

thermore, with magnetic �eld, the magnetization plateau at 1/3 of saturation value

corresponds to ferrimagnetic (↑↑↓) con�guration followed by a �eld-induced ferromag-

netic (↑↑↑) transition (Fig. 1.13). Based on these results, the magnetic phase diagram

proposed by Kageyama et al. is shown in Fig. 1.14. The PDA phase of Ca3Co2O6

remained questionable for years [23, 88]. Neutron di�raction study by Agrestini et al.

[30] cleared that the magnetic structure below T c1 is an incommensurate amplitude-

modulated PDA (spin density wave) with wave propagation vector k = (0, 0, 1.01)
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Figure 1.15: (a) Neutron intensity for (110) re�ection at di�erent temperatures (b)
Neutron di�raction pattern at 18 K and re�nement for two values of k = (0,0,1) and

(0,0,1.01) [30].

Figure 1.16: (a) Neutron di�raction pattern taken after di�erent waiting time at
�xed temperatures T = 35 and 10 K [14]. (b) Decrease in the intensity of magnetic
Bragg peak corresponding to spin density wave phase on decreasing temperature [14].
(c) Neutron di�raction pattern at 10 K collected after di�erent waiting time [14].

(Fig. 1.15). Their study also revealed the coexistence of long-range magnetic order with

short-range order [30]. Another observation on the time dependence of magnetic Bragg

re�ections has shown that the peaks related to the spin density wave phase slowly lose

intensity (Figs. 1.16(a) and (c)), suggesting that the spin density wave phase is not a

stabilized structure [14]. Simultaneously, new Bragg re�ections, which can be indexed
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Figure 1.17: Magnetic phase diagram of Ca3Co2O6 proposed by Lampen et al.

[90]. Here FM, FIM, M�m, SRO, and SDW stand for ferromagnetic, ferrimagnetic,
metastable ferrimagnetic, short-range-order, and spin-density wave structure, respec-

tively.

by k = (0.5,-0.5,1) that correspond to commensurate antiferromagnetic (CAFM) struc-

ture, begin to appear (Fig. 1.16(c)) [14]. Furthermore, suppression of spin density wave

phase and stabilization of commensurate antiferromagnetic structure were also observed

in the pressure-dependent neutron di�raction study at high-pressure P = 2.1 GPa [89].

Based on the critical points obtained from the change in magnetic entropy calculations

by Lampen et al. [90], Fig. 1.17 shows the phase diagram of the Ca3Co2O6 system.

In addition to the de-stabilized magnetic phases with decreasing temperature, the isother-

mal M-H curves also change drastically with temperature (Fig. 1.18). In the temperature

range T c2 ≤ T ≤ T c1, the magnetization curve exhibits a ferrimagnetic plateau with

moment 1/3 of the saturation value followed by a �eld-induced step to saturation value,

which suggests the ferromagnetic phase [25]. On lowering the temperature, the M-H

curve exhibits a large hysteresis, and magnetization steps in the regular magnetic �eld
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Figure 1.18: Isothermal M-H curves recorded at 2 K (open circle) and 10 K (solid
line) where the arrow shows the direction of magnetic �eld [25].

interval (1.2 T) appeared (Fig. 1.18) [27]. These results are indicative of quantum tun-

neling of the magnetization in Ca3Co2O6. Thus, this system provides a di�erent class

of materials other than molecular magnets to study the quantum e�ects. On the other

Figure 1.19: Virgin M-H curves recorded at 4 K for di�erent magnetic �eld scanning
rates: 0.01 T/min (dotted line), 0.1 T/min (dashed line), and 1 T/min (solid line) [25].
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hand, it was also observed that these steps are most prominent for a fast magnetic �eld

sweep rate (1 T/min) and completely smoothen out for a slow scan (0.01 T/min) (Fig.

1.19) [25]. Thus, in addition to the neutron di�raction results, the time dependence of

magnetic phases was also observable with the magnetic �eld. Furthermore, detailed dis-

cussions on the magnetic structure of the system by experimental and theoretical results

can be found in refs. [91�104].

Figure 1.20: Change in the dielectric constant (∆ε′) of Ca3Co1.4Rh0.6O6 with mag-
netic �eld (H ) [110]. (a), (b), (c), and (d) shows ∆ε′ vs. H for E ‖ c ‖ H at di�erent
temperatures. (e) and (f) shows ∆ε′ vs. H for E ⊥ c ‖ H at di�erent temperatures.
(g) and (h) shows ∆ε′ vs. H for E ‖ c ⊥ H and E ⊥ c ⊥ H, respectively, at 40 K.

1.6.3 Magneto-dielectric behavior

The Co spin-chains in the rhombohedral structure of Ca3Co2O6 are arranged on a tri-

angular lattice (cf. Fig. 1.1) and couple through a weak antiferromagnetic interaction,

which leads to geometrical frustration in the system. It is well known that the frustrated
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geometry breaks the inversion symmetry leading to magneto-electric coupling in the or-

dered state [105, 106]. Magneto-dielectric coupling in Ca3Co2O6 was �rst observed by

Bellido et al. [107]. The steplike magnetocapacitance and dielectric relaxation in this

system further lead to potential applications in sensors and memory devices [108]. On the

other hand, Basu et al. [9] reported the magneto-electric coupling e�ect in this system

well above T c1, that is primarily due to spin chain ordering. Such a unique feature of

magneto-electric coupling in the magnetically isolated spin chains is essential to enable

spin-controllable electric e�ects. The dielectric properties of the system were further

improved by the elemental substitution. The Gd substitution in Ca3Co2O6 leads to

complex dielectric relaxation and ferroelectric-relaxor-like behavior [109]. On the other

hand, the Rh substitution leads to anisotropic magneto-dielectric coupling with improved

dielectric constant and loss factor in this system (Fig. 1.20) [110]. A more detailed in-

vestigation on the magneto-dielectric behavior of Ca3Co2O6 and its substituents can be

found in refs. [111�117].

1.7 Motivation

It is clear that the Ca3Co2O6 system exhibits a complex magnetic structure due to the

reduced dimension of spin interactions and competing lattice, spin, electric, and orbital

degrees of freedom. Additionally, the magnetic structure of the system is extremely sen-

sitive to external perturbations such as temperature, pressure, and magnetic �eld. The

unconventional features and the dynamic magnetic structure of the system are indicative

of degeneracy in the magnetic ground state; therefore, the Ca3Co2O6 system is ideal for

a thorough understanding of the low-dimensional magnetic system, which is a topic of

enormous interest from condensed matter physics point of view.

In addition to the external perturbation e�ects, the �exibility of the A3BB′O6 structure

in accompanying a wide range of elements provides additional degree of freedom in mod-

ifying the magnetic structure of the system by an appropriate amount of lower/higher

valence ions substitution. An earlier report by Basu et al. [109] suggested the modi�ca-

tion in the oxidation state of both Co1 and Co2 ions by the partial replacement of Ca2+
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ions by Gd3+ ions. On the other hand, the Dy and Lu substitution leads to the stabi-

lization of spin density wave phase and modi�cation in the oxidation state of Co2 ions

only [118]. These features further enable us to study the stable phases of low-dimensional

systems. Further evidence of modi�cation in the magnetic and electronic structure of the

system by rare earth ions substitution can be found in refs. [84, 119�122]. In addition

to the rare earth ion substitution e�ects, the doping of transition metals at the Co2 site

o�ers opportunities to modify the magnetic structure of the system by the imbalance

of intra-chain and inter-chain coupling. As it is well known that the exotic magnetic

feature of this system is a consequence of reduced dimensionality e�ects and frustration,

therefore, it became essential to maintain the pseudo-1D character of the system while

in�uencing the magnetic structure with di�erent doping content. In this way, attempts

have been made to tune the magnetic structure of the system by Fe substitution [123�

130], which has an ionic radius comparable to Co ions anticipating that there will be no

strong lattice distortion. However, the Fe substitution leads to a decrease in the magnetic

ordering temperature and deviation from 1D character [124], which is primarily due to

the reduced strength of intra-chain ferromagnetic interaction with the Fe content. Similar

to the e�ects of Fe substitution, the magnetic ordering temperature also decreases with

Mn and Cr substitution [131�135]. The chemical disorder e�ect due to Mn substitution

in this system enhances the glassy feature of the system [131]. Furthermore, the Mn

substitution leads to ferroelectricity in this system, which is a result of inversion symme-

try breaking [111, 136�138]. In contrast to the Fe, Mn, and Cr substitution e�ects, the

magnetic ordering temperature increases for Ir and Rh substitution, and the intra-chain

ferromagnetic interaction gets enhanced [21, 110, 139, 140]. Thus, it is concluded that

depending on the alignment of dopant ion moment with Co ion moment, the dominant

interaction is antiferromagnetic for Fe, Cr, and Mn substitution and ferromagnetic for

Ir and Rh substitution. Due to the dominance of ferromagnetic/antiferromagnetic inter-

action with substitution, the ground state degeneracy is lifted, and the exotic magnetic

features of the system are gradually suppressed.

As it is clear that the transition metals substitution in this system leads to a strong

magnetoelectric coupling which has potential applications but dramatically in�uences

the characteristic feature of the system. Thus modifying the magnetic structure of this
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system with magnetic dopants no longer be a good choice from condensed matter physics

point of view, and strongly suggested to look for non-magnetic dopants, which may have

little e�ect on the intra-chain and inter-chain interactions so that the key features remain

unaltered. As suggested by Ruan et al. [141], the non-magnetic Sc substitution for Co2

ions (up to 60 %) does not in�uence the intra-chain ferromagnetic interaction. However,

the doping e�ects of other non-magnetic ions in this system are still unexplored.

Considering all these ideas, this system is ideal for exploring the novel aspects of mag-

netism and provides an ideal platform to play around with the metastable phases of the

system. In addition, the Co ion in this system has the possibility of spin state transition

when a higher/lower valence ion is substituted. Thus, the magnetic and electronic struc-

ture of the system is extremely sensitive to external perturbation and doping content.

This thesis is focused on understanding the complex magnetic and electronic structure of

Ca3Co2O6 and the substituted (magnetic/non-magnetic) compound through experimen-

tal results and theoretical predictions. The experimental part involves the characteriza-

tion of structural, magnetic, and electronic states of these samples by X-ray di�raction,

Raman, magnetization, and X-ray photoelectron spectroscopy measurements. On the

other hand, these features were theoretically predicted by �rst-principles-based density

functional theory calculations results.
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Chapter 2

Experimental and Computational

methods

This chapter discusses the experimental technique used for sample synthesis, char-

acterization, and various magnetic measurements. It also provides important insight

into the working principle of the experimental tools used for these measurements. In

addition, a brief description of the operating condition of various instruments is also

provided. First, the sample synthesis technique with necessary precautions during the

synthesis process is discussed in section 2.1. The following sections 2.2 and 2.3 brie�y de-

scribe the phase identi�cation techniques (X-ray di�raction and Raman spectroscopy) of

the prepared samples. The powder X-ray di�raction method and the di�ractometer used

for recording di�raction patterns are discussed in section 2.2. Basics of the microstruc-

ture analysis, along with a brief description of the Field Emission Scanning Electron

Microscope (FESEM), is given in section 2.4. Section 2.5 describes the surface-sensitive

X-Ray Photoelectron Spectroscopy (XPS) technique used for the chemical composition

analysis. It also provides essential information about the X-ray photoelectron spectrom-

eter and its mode of operation. Magnetization measurements of this thesis are performed

on Physical Property Measurement System (PPMS) outlined in section 2.6. In addition,

the computational methods used in this work are also discussed in this chapter.

33
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2.1 Sample Preparation

The solid-state reaction route is the most commonly used method for synthesizing poly-

crystalline oxide samples. Throughout this thesis, the samples were prepared by this

method. The basic principle is quite simple, two or more solids react with each other

under some extrinsic conditions to form the desired compound, which separates them

[142, 143]. Reactions in the solid form are extremely slow since the mixed reactants are

inhomogeneous at the atomic level. However, if the reactants are chemically reactive or

contain interacting ions, the reaction in the solid form may happen easily. Therefore, the

atoms of constituent elements can bring together by solid-state di�usion to obtain the

desired product [144]. At ambient temperature, the di�usion process is closely related to

the defect in the crystal. In crystalline solids, the defects can be either point (interstitial

or vacancy) or extended (grain-boundaries or dislocations) [142]. The atoms have much

higher mobility along the defect; therefore, the defects act as a high-di�usivity path in

the crystal. In addition, the di�usion process in crystalline solids depends rather strongly

on thermodynamic variables (temperature and pressure). Thus, the di�usion process in

solids generally occurs due to the thermally activated movement of atoms or molecules.

In the solid-state reaction route, the stoichiometry of required reagents is grounded in

an acetone medium using an agate mortar pestle. It requires several hours of grinding

to ensure better contact between the surfaces of constituting elements and homogeneity

in the obtained mixture. In order to remove unwanted impurities such as carbonates,

sulfates, and nitrides, the obtained mixture is calcined above room temperature. The

calcined powder was then pressed in the form of disc-shaped pellets using a hydraulic

press to improve the contact area between reactants. It is well known that most solids

do not react at ambient temperature due to di�usion barriers. To overcome these barri-

ers, heat treatment is necessary much above room temperature, which provides thermal

activation energy for ions to di�use across the energy barrier. A commercial tabletop

furnace manufactured by Nabertherm, Germany (model HTCT 03/15) with a maximum

operating temperature of 1773 K has been used for heat treatment. As the reaction rate

in solid form is quite slow; therefore, it is best to re-sintered the samples with interme-

diate grinding to ensure homogeneity. Furthermore, the kinetics of these ions can be
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controlled by the heating and cooling rate, which is essential for the �nal sintering.

The major issues that can a�ect the reaction in the solid-state form are (1) Precursors (2)

Container (3) Sintering. In addition, the evaporation of reactants during heat treatment

may cause a potential loss.

1. Precursors: Starting materials should be of high purity and must be taken in sto-

ichiometry. Problems can occur if the reactants contain mixed valence transition

metals or are highly moisture/CO2 sensitive. In order to avoid this, the reactants

must be dried above room temperature. Furthermore, it is helpful to use reagents

either in nitrate or carbonate form, which can decompose above room tempera-

ture. The decomposition step dramatically reduces the particle size, leading to

better surface contact and increasing the reactivity. The exerted gases during the

decomposition step can further boost the reaction rate.

2. Container: In the solid-state reaction route, the powder is kept inside a suit-

able container for heat treatment in air/medium. It becomes essential to use inert

containers so the reactions may not get a�ected. Generally, the crucibles/boat

of Au, Pt, and Al2O3 are used as a container. Out of these, the alumina cru-

cibles are preferred for preparing oxide samples. Crucibles made up of alumina

are cost-e�ective and have a high melting point; therefore can sustain at higher

temperatures. Furthermore, the high-purity Al2O3 is inert so that contamination

may be avoided.

3. Sintering: It is the trickiest part of solid-state reactions. For known compounds,

the appropriate condition for reaction can be obtained from the literature. How-

ever, for new compounds, favorable conditions are obtained using a trial-and-error

approach. Furthermore, it is worth mentioning that during the sintering process,

necessary precautions are required to avoid excess frothing of reagents due to de-

composition. The heat treatment should not be above the melting point of reac-

tants. In general, there are three stages in the solid-state sintering process. The

initial stage involves the formation of strong bonds between powder particles so

that the density may increase. In the intermediate step, the grain boundaries are

formed, and the porosity decreases while the pores are still connected. The reduced
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porosity leads to a denser microstructure at the intermediate sintering. In the �nal

stage, the pores are isolated from each other and slowly get eliminated.

2.2 X-ray Di�raction

X-rays were discovered in 1895 by German scientist Wilhelm Conrad Röntgen. It has a

wavelength ranging from 100 to 0.1 Å, which is the order of lattice dimensions. Thus,

the X-ray di�raction study plays a crucial role in determining the structural features of

crystalline solids and can be considered the backbone of experimental condensed matter

physics. The working principle is based on the constructive interference pattern obtained

from the scattering of X-rays by the periodic arrangement of atoms in a lattice [145].

When a monochromatic beam of X-rays is incident on a crystalline solid, due to the

comparable wavelength and interplanar spacing, the X-rays get di�racted (Fig. 2.1).

The di�racted X-rays undergo constructive interference, and depending on the incident

angle, several peaks appear in the di�raction pattern. Each peak in the di�raction

pattern corresponds to a particular set of crystallographic planes (hkl). The condition

for constructive interference is given by Bragg's law

2d sinθ = nλ (2.1)

where d is the interplanar spacing, θ is the glancing angle, n is the di�raction order, and

λ is the wavelength of the X-ray. Thus, in view of X-ray di�raction experiments, Bragg's

condition can be satis�ed by varying either θ or λ. Based on varying parameters and

the nature of samples, the X-ray di�raction methods are mainly categorized into three

categories (Table 2.1) [145].

Table 2.1: List of the main X-ray di�raction methods.

Method Fixed Parameter Variable

Laue method θ λ

Rotating-crystal method λ θ

Powder method λ θ
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Figure 2.1: Schematic representation of di�raction of X-ray beam by periodically
arranged atoms (red circle) in a lattice. The beam at the bottom traverses an additional

path of AB + BC = 2d sinθ.

Laue's method allows a beam of white radiation to fall on a �xed single crystal. Thus, θ

is �xed while λ changes in this method, and each set of (hkl) planes di�ract a particular

wavelength which satis�es Eq. 2.1. Rotating-crystal method is used for the crystallo-

graphic study of single crystals. The single crystal is placed in such a way that one of its

axes is normal to incident X-ray direction, and a cylindrical �lm surrounds it. Further-

more, it is rotated about the axis of the cylindrical �lm so that for a particular set of

planes, Bragg's condition is satis�ed. On the other hand, the powder di�raction method

is the most widely used for the structural study of polycrystalline samples.

2.2.1 Powder di�raction method

In this method, the specimen is a very �ne powder, where each particle is a tiny crystal

with a random orientation [145]. Therefore, the whole assembly of particles can produce

re�ection corresponding to each set of (hkl) plane. If we consider the re�ection from

a particular set of planes, the plane is now rotated about the direction of the incident

X-ray (θ is �xed). The re�ected beam traverses a cone with axis along the direction of

the transmitted beam. In this way, separate cones corresponding to each set of (hkl)

planes are formed. Fig. 2.2 depicts a few such cones formed by the Debye-Scherrer

powder di�raction method. It consists of a cylindrical camera curved by a narrow strip

of �lm. The specimen (target) is placed on the axis of the cylinder while the X-ray beam
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Figure 2.2: Di�raction of the X-ray beam by a polycrystalline sample (Target) using
the Debye-Scherrer method [145]. The incident beam undergoes di�raction, and the
di�racted beam traces a cone corresponding to each set of planes. The di�raction spots

were obtained on a cylindrical �lm.

is directed transverse to this axis (Fig. 2.2). It is shown in Fig. 2.2 that the cones of

di�racted X-ray beam intersect the cylindrical �lm in lines, and the di�raction pattern

is obtained. With the help of di�raction spots, the θ corresponding to each line can be

determined. As the λ is already known, it allows us to calculate the interplanar spacing.

This method is often used for phase identi�cation and accurately determining the lattice

constants. Thus, using this method, one can determine the whole crystal structure of

the system.

2.2.2 X-ray di�ractometer

It is an instrument used for the structural study of crystalline or non-crystalline materials

by understanding their way of di�racting a known wavelength X-ray beam. The X-ray

di�raction patterns of the prepared polycrystalline samples were taken using a commer-

cial Rigaku X-ray di�ractometer (XRD) (TTRAX III) (Fig. 2.3(a)). It is equipped with

a 9 kW rotating anode generator in a Bragg-Brentano geometry to generate the X-rays

(Fig. 2.3(b)). Typical wavelengths of generated X-rays depend on the type of metal

target used. The Kα radiations produced by the Cu target were used as a source (λ =

1.5406 Å). Furthermore, a high-accuracy theta-theta goniometer allows one to do the

2-theta scans where the sample is �xed horizontally. In the Bragg-Brentano geometry,
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Figure 2.3: (a) Rigaku TTRAX III X-ray di�ractometer (b) Bragg-Brentano di�rac-
tion geometry.

the X-ray source and detector are equidistant from the sample (Fig. 2.3(b)). Thus, the

X-ray source and the detector moves in a circle (di�ractometer circle) with its center

at the sample, and the relationship between the incident angle (θ) and di�racted angle

(2θ) is always maintained. It turns out that the focusing circles are always tangent to

the sample and have a variable diameter with θ. The Bragg-Brentano geometry requires

precise alignment to o�er perfect focusing and high-resolution analysis.

The prepared samples were scanned in the range 2θ = 10◦-80◦ with a scan rate of 10 ◦/min

having a step size 0.02◦. Further analysis of X-ray di�raction data has been done by the

Rietveld re�nement method using the FULLPROF program [146, 147]. It con�rms the

phase purity of the samples and provides structural parameters such as lattice constants,

site occupancy, and atomic positions. The re�ned structures were further analyzed by

the VESTA software to extract bond lengths and bond angles.

2.3 Raman Spectroscopy

In addition to the crystallographic information from the X-ray di�raction analysis, Ra-

man spectroscopy based on the Raman e�ect is also a versatile and adaptable tool for
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crystallographic studies, such as crystalline phases, orientation, bonding information, de-

fects, strain, etc [148�150]. The Raman e�ect is an inelastic light scattering phenomenon

based on photon-phonon interaction. When a beam of light is illuminated to a specimen

(solid, liquid, or gaseous), the light may get absorbed, scattered, or not interact with

the substance. If the energy of the incident photon is equal to the energy gap (∆EV)

between the vibrational ground state and excited state of the molecule, the photon gets

absorbed, and the molecule is promoted to the excited state. Such change in the energy

of the radiation is studied in absorption spectroscopy. On the other hand, in Raman

spectroscopy, a monochromatic beam of light is used, and the scattering of light due to

Figure 2.4: Principle of scattering process: light quanta of energy hν interacts with
the molecule which can be either in the vibrational ground (EV1

) or excited (EV2
)

state.

the interaction of photons with the molecule is studied. Thus, in Raman spectroscopy,

the energy of the scattered radiation di�ers from the incident radiation in vibrational

units. Therefore, unlike absorption spectroscopy, no energy matching of incident photon

to ∆EV is required in Raman spectroscopy [148]. Depending on the distortion induced

by the interaction of light with the molecule, the scattering can be elastic (Rayleigh) or

inelastic (Raman). The Rayleigh scattering involves distortion in the electron cloud only.
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Thus, the scattered photons have the same frequency as the incident radiation, and it is

the dominant process in scattering. On the other hand, Raman scattering corresponds to

the involvement of nuclear motion in the scattering process. Therefore, energy transfer

occurs either from photon to molecule or from molecule to photon. Thus, depending on

the vibrational state of the molecule, the scattered photon can have the energy either hν-

∆EV (Stokes lines) or hν+∆EV (anti-Stokes lines), where h is the Planck's constant and

ν is the frequency of the incident photon [148, 149]. Fig. 2.4 shows the schematic repre-

sentation of the scattering process. Usually, at room temperature, most of the molecules

are in their vibrational ground state (EV1
), while due to thermal energy, only a few of

them may present in the vibrational excited state (EV2
). The virtual states are created

when a high-energy photon interacts with the molecules and causes polarization. In the

Rayleigh scattering, no energy change occurs, and the molecule returns to its original

state; therefore, the scattered photon has the same frequency as the incident one (Fig.

2.4). On the other hand, the Raman scattering process leads to a change in the vibra-

tional level of the molecule (EV1
→ EV2

or EV2
→ EV1

). Molecules in the vibrational

ground state are promoted to the excited state by absorbing energy, and photons with

lower energy hν-∆EV are scattered. The corresponding Raman line of lower frequency

is called the Stokes line. On the other hand, molecules in the vibrational excited state

transfer their energy to the photon and de-excited to EV1
. In this process, photons with

energy hν+∆EV are scattered, and the corresponding Raman line of higher frequency

is called the anti-Stokes line. As the EV1
is much more populated than the EV2

(Boltz-

mann's law) therefore, in the Raman spectra, the Stokes lines are appeared to be much

stronger than the anti-Stokes line.

The room temperature Raman spectra were recorded in the wavenumber range of 100-

1000 cm�1 using a micro-Raman spectrometer (LabRAM HR800, Horiba Jobin Yvon)

with an excitation wavelength of 488 nm (Fig. 2.5(a)). In this micro-Raman spectrom-

eter, the 800 mm focal length spectrometer equipped with two switchable gratings is

confocally coupled to the microscope. Fig. 2.5(b) shows the schematic diagram of the

working of the micro-Raman spectrometer. The incoming Ar-ion laser beam (λ = 488

nm and 514 nm) is re�ected by the beam splitter, which splits it into two parts having

the same wavelengths. This intense laser beam is illuminated over the sample through a
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Figure 2.5: (a) Laser micro-Raman system (LabRAM HR800, Horiba Jobin Yvon)
(b) Schematic diagram.

microscope with a spot size of a few microns, and the photons get scattered. From the

scattered radiation, the notch �lter allows only the Raman scattered wavelengths while

it e�ectively blocks the Rayleigh scattered wavelengths. Further, the scattered radiation

is allowed to pass through the grating and etalon, which resolve the weak Raman scat-

tered wavelengths coming from the specimen. In order to obtain the Raman spectra,

a charge-coupled device is used, which detects the change in the polarizability of the

specimen from the change in the wavelength and converts it into the intensity.

2.4 Field Emission Scanning Electron Microscope

It is well known that the defects and grain size play a crucial role in determining various

physical, mechanical, and chemical properties of the polycrystalline samples. Thus,

after con�rming the phase purity of the prepared samples, it became essential to have
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Figure 2.6: (a) Field Emission Scanning Electron Microscope (ΣIGMA) (b) Schematic
diagram.

a thorough understanding of their microstructure. It involves a complete description

of constituting particles (size, shape, and distribution of grains) and the composition

analysis in polycrystalline materials. The microstructural study has been done using

a ZEISS-made ΣIGMA Field Emission Scanning Electron Microscope equipped with

energy dispersive X-ray spectroscopy (EDS) (Fig. 2.6(a)) [151]. It uses a focused beam

of electrons to produce high-resolution images (1 nm) at magni�cations 10× to 300,000×.

The source is an electron gun with sharply pointed Schottky emitters (Zirconium oxide

coated tungsten tip) held at a high negative potential relative to the anode to cause

�eld emission under vacuum (Fig. 2.6(b)). Emitted electrons are con�ned to a narrower

beam by electromagnetic lenses. Thus, the whole setup provides accelerated narrower

beams of high as well as low electron energy leading to minimum sample damage and

charging (accelerating voltage in the range 0.5 to 30 kV). Furthermore, the electron beam

is focused on the sample by an objective lens, and electromagnetic scanning coils scan the

surface of the specimen. When the electron beam strikes the specimen, it will penetrate

it up to a certain depth. Thus, the electron beam interacts in many di�erent ways

with the surface and near-surface region of the sample, which will be discussed later.

The impinging electrons have su�cient kinetic energy to produce signals in the form of

ejected electrons or characteristic X-rays. The in-lens ac detectors gather these ejected
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electrons to produce the microstructure of the sample on a computer screen. However,

Energy dispersive X-ray spectrometer equipped with the FESEM uses the characteristic

X-rays for the composition analysis of the sample.

Figure 2.7: Signals from the drop-shaped interaction volume when an electron beam
strikes the surface of the sample.

Generally, the incoming electrons have both elastic and inelastic interactions with the

nuclei/electrons of the specimen [152]. In inelastic interactions, the primary electrons

interact with the electric �eld of the shell electron. It leads to energy transfer from

the primary electron to the shell electron. As a result, secondary electrons are emitted,

which have energy less than 50 eV. The outer shell electrons �ll the vacancy created by the

emission of secondary electrons, and X-rays of characteristic frequencies are produced.

However, instead of emitting photons, the energy can be transferred to another electron,

which is then ejected. This is known as the Auger e�ect, and the released electron is called

the Auger electron. On the other hand, in elastic interactions, the primary electrons

interact with the nucleus of the specimen, and the direction of primary electrons changes

without any change in the energy. If the de�ected electrons come out of the specimen,

they are called backscattered electrons. Therefore, based on the elastic and inelastic

interactions of the incoming beam of electrons with the electron/nuclei of the specimen,

the beam electrons are distributed (Fig. 2.7). Usually, the secondary electrons are
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emitted from a depth of 5-50 nm of the sample. The backscattered electrons escaped

from a relatively more depth, while the characteristic X-rays are emitted from a much

larger depth.

In order to take the micrographs of the sample, the solid samples were mounted on carbon

tape and coated with a thin layer of gold. Furthermore, the particle size distribution was

obtained using ImageJ software.

2.5 X-ray Photoelectron Spectroscopy

It is a surface-sensitive spectroscopic technique commonly used for the composition anal-

ysis, chemical state, empirical formula, and oxidation state of elements within the com-

pound. In X-ray photoelectron spectroscopy, all the elements except hydrogen and helium

can be detected with a detection limit in parts per thousand range [153]. XPS technique

was developed by Siegbahn and his colleagues at the University of Uppsala, Sweden, and

it is based on the photoelectric e�ect [154].

Figure 2.8: The XPS photoemission process (a) incoming photon of energy hν emits
a photoelectron from the specimen (b) relaxation process leads to emission of Auger

electron.

The XPS analysis involves irradiating the specimen with a monoenergetic soft X-ray

and analyzing the emitted electron. A typical XPS spectrum is a plot of the number

of detected electrons vs. binding energy where each element in the specimen produces
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a set of characteristic peaks. The binding energy EBE of the electron is given by the

photoelectric e�ect equation

EBE = hν � EK � φ (2.2)

where the �rst, second, and third term on the right-hand side represents the photon

energy of the X-ray, measured kinetic energy of the emitted electron, and spectrometer

work function, respectively. In the photoemission process, the ions remain excited; there-

fore, Auger electrons could be emitted during the relaxation. The process of excitation

and de-excitation during XPS operation is shown in Fig. 2.8.

Figure 2.9: Schematic diagram of XPS spectrometer.

The XPS measurements were performed using a Thermo-Scienti�c ESCALAB Xi+ spec-

trometer which provides better resolution and high spectral sensitivity. The sample

analysis chamber is made of 5 mm thick mu-metal (iron-nickel alloy) to provide e�cient

magnetic shielding. Fig. 2.9 shows the schematic diagram of the XPS spectrometer, and

the main components of the XPS are as follows [155]:

1. X-ray source: The characteristic X-rays such as Al-Kα (1486.6 eV) and Mg-Kα

(1253.6 eV) are used for photoelectron emission. Generally, the X-ray produced by

the interaction of high-energy electrons with anode material is non-monochromatic.
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Working with non-monochromatic X-rays may cause satellite peaks and poor reso-

lution; for these reasons, monochromatic sources are prioritized. The twin crystal

micro-focusing monochromator is used to obtain the monochromatic X-ray, and

the monochromated beam can be focused to spot sizes of range 200 µm to 900 µm.

2. Ultra-high vacuum: XPS analysis requires ultra-high vacuum (10�7 Pa) con-

ditions inside the chamber. Otherwise, the photoelectrons may lose their energy

due to collision with gas molecules. The ultra-high vacuum inside the chamber is

achieved using a titanium sublimation pump and a turbomolecular pump.

3. Electron energy analyzer and lens: The main function of an electron energy

analyzer is to disperse the ejected electrons according to their kinetic energy. In

XPS, a 180◦ hemispherical electron energy analyzer is often used for this purpose

(Fig. 2.9). It consists of two concentric hemispherical electrodes held at voltages

V i and V o, respectively. The V i and V o are chosen in such a way that the emitted

electrons with energy equal to the pass energy E0 follow a circular path of radius

R0 = ri+ro
2 where r i and ro are the radii of the inner and outer hemispheres, re-

spectively. A point-like detector at the other end will detect only those electrons

with energy equal to E0. By changing the E0, one can get the number of photoelec-

trons as a function of EK. Furthermore, the electrostatic lens focuses the incoming

photoelectrons, and the retarding lens is used to achieve high resolution. Thus, the

combination of an electron analyzer with lens system provides ideal conditions for

spectroscopy.

For the chemical composition analysis, the samples were taken in powder form. The XPS

measurements were performed using an ESCALAB Xi+ (Thermo Fisher) spectrometer

with a monochromatic Al-Kα X-ray source under ultra-high vacuum conditions. The

photoelectrons are analyzed by the hemispherical electron energy analyzer operating in

the constant analyzer energy (CAE) mode using the electromagnetic lens. For the survey

scan and high-resolution spectra, the CAE was set at 200 eV and 50 eV, respectively.
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2.6 Physical Property Measurement System

The Physical Property Measurement System (PPMS) is a sensitive, versatile, and non-

destructive tool manufactured by Quantum Design to study the magnetic and electric

transport properties of samples (solids/thin �lms) under a well-controlled temperature

and magnetic �eld. The advanced version of this system (DynaCool) provides all the

Figure 2.10: PPMS DynaCool system.

features of PPMS without the requirement of liquid cryogens (Fig. 2.10). It utilizes a

pulse tube cryocooler (single two-stage) for the functioning of temperature control system

and superconducting magnet. It leads to vibration-less environment for measurements

and low maintenance cost. Sample environment is further controlled by evacuating the

chamber to less than 10�4 Torr using the cryopump. The PPMS DynaCool system is

operational in the magnetic �eld range -9 T to +9 T and temperature range 1.8 K to

1000 K. Fig. 2.10 displays the main components of the PPMS DynaCool system the

cryostat assembly, pump cabinet, and module bay.
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Figure 2.11: Schematic diagram of PPMS.

The cryostat assembly contains the conduction-cooled superconducting magnet, the cry-

ocooler pulse-tube assembly, and the sample chamber. Fig. 2.11 shows the components

of the controlling system of the cryostat, magnetic �eld, and chamber temperature. The

superconducting magnet can generate a maximum vertical �eld of 9 T, and the value of

current at this �eld is 55 A. In the DynaCool system, the cryocooler is mounted in a

helium gas tank called bucket (Fig. 2.11). First-stage of the cryocooler is used for the

cooling of the main shield, the �rst stage of the cryopump, the annulus shield, and the

mechanical and electrical heat loads from room temperature. The second stage provides

cooling for the sample chamber, superconducting magnet, 4 K plate, the second stage of

cryopump, and the mechanical and electrical heat loads arising from the �rst stage of cool-

ing. The components of the DynaCool system operate at di�erent temperatures, ranging
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from room temperature to 1.8 K, and in order to maintain the temperature, thermal

isolation between cryostat components is necessary. Cryostat case vacuum (evacuation

up to 2 Torr) isolates those components which are not in mechanical contact. The main

shield protects the second-stage components from room-temperature thermal radiation,

and the annulus shield isolates the superconducting magnet from thermal radiation dur-

ing high-temperature measurements. The isothermal region of high-conductivity copper

provides a thermally uniform sample environment, and a puck interface is located at

the bottom of it. A block heater and thermometer pair control the temperature of the

puck. In addition, two other heater and thermometer pairs (neck and high neck) reduce

the thermal gradient inside the chamber. Furthermore, the circulation loop enables the

cooled helium �ow inside the chamber, and the main components of the circulation loop

are presented in Fig. 2.11. The common operating modes of the circulation loop are (i)

Circulating, (ii) Pumping, (iii) Sealed, and (iv) Venting.

The CAN module bay located at the right of the cryostat (Fig. 2.10) hosts modules

for system operations and measurements. For temperature control functions, the system

is con�gured with Temperature Control Module. The other modules enable various

magnetic and electric transport property measurements, and some of them are as follows:

1. Vibrating sample magnetometer (VSM): This option enables the PPMS Dy-

naCool system to operate as a fast and sensitive DC magnetometer. It employs a

linear transport motor for vibrating the sample and a puck-based �rst-order gra-

diometer coil set for detection. Using this con�guration, a large oscillation ampli-

tude (1-3 mm) and frequency (40 Hz) enable the system to detect a magnetization

change of less than 10�6 emu [156]. In this mode, the DC magnetic moment can

be measured as a function of temperature (1.8 K to 400 K), magnetic �eld (-9 T to

9T), and time. Furthermore, the VSM Oven option allows magnetic measurements

much above room temperature (300 K to 1000 K). The magnetization data and

results presented in this thesis were obtained using the PPMS DynaCool system

operating in the VSM mode, and 2.6.1 discusses the VSM mode in detail.

2. AC measurement system (ACMS II): It employs an AC-drive coil set for

alternating excitation �eld and a detection coil set for the determination of AC
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susceptibility that enables the DynaCool system to operate as a versatile DC mag-

netometer and AC susceptometer. The AC-drive coil can generate alternating �elds

of amplitude 0.05 to 15 Oe in the frequency range of 10 Hz to 10 kHz.

3. Thermal transport: The thermal transport option (TTO) enables the users to

measure the thermal transport properties such as thermal conductivity, electrical

resistivity, Seebeck coe�cient, and thermoelectric �gure of merit. In the TTO

operation, the sample under a high vacuum is subjected to a heat pulse, and the

temperature and voltage drop along the sample is recorded. Sophisticated soft-

ware based on a thermal circuit model dynamically extracts the thermal transport

properties from these curves.

4. Heat capacity: It uses the puck-based microcalorimeter to measure the heat

capacity of the sample across the accessible range of �eld and temperature of the

DynaCool system. In this option, the sample under a high vacuum is subjected

to a heat pulse, and its temperature response is recorded. Sophisticated software

based on a thermal circuit model extracts the heat capacity from these curves.

2.6.1 Vibrating sample magnetometer

The basic principle of VSM operation is that a time-varying magnetic �ux (φ) through

the pickup coil induces a voltage (V PC) in the coil (Faraday's law) given by

VPC = �
dφ

dt
= �

(
dφ

dZ

) (
dZ

dt

)
(2.3)

where t is the time and Z is the vertical position of the specimen with the pickup coil.

In the case of sinusoidally oscillating specimen position, it is simpli�ed to

VPC = 2πfAMKc sin(2πft) (2.4)

where f is the frequency of the oscillation, A is the amplitude, M is the DC magnetic

moment, and K c is a coupling constant. The magnetization measurements involve mea-

suring the coe�cient of the sinusoidal term in Eq. 2.4, and Fig. 2.12 shows a schematic

representation of the procedure.
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Figure 2.12: Block diagram of working principle of VSM.

In the VSM option, the sample attached at the end of the rod is driven sinusoidally

inside a gradiometer pickup coil by using a linear motor transport (LMT). The position,

amplitude, and frequency of the oscillation is adjusted from the motor module using an

encoder signal readback from the LMT (Fig. 2.12). The induced V PC in the coil due

to the change in the magnetic �ux is ampli�ed and lock-in detected using the detection

module. The raw encoder signal from the LMT is interpreted by the motor module, which

provides position encoder signal (reference signal) for synchronous detection. Detection

module detects the in-phase and quadrature-phase signals from the ampli�ed V PC and

from the encoder. The VSM application on the PC handles all the control of detection

module via the CAN network (Fig. 2.12).
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2.7 Computational Methods

Having outlined the importance of experimental tools to have a thorough understanding

of the structure and magnetism of complex systems, it became relevant to re-investigate

the bulk systems from a theoretical point of view to establish a concordance between ex-

perimental and theoretical results. Over the decades, Density Functional Theory (DFT)

has been one of the most powerful tools to have an important insight into many-body

systems at the microscopic level. DFT became most popular among people working in

condensed matter physics because it requires only a few structural parameters to deter-

mine various properties of the system. It allows us to do calculations of ground state

energies, lattice structure, density of states, band structure, Fermi surface, magnetic

moments, magnetic anisotropy, etc. In DFT, these properties are functionals (functions

of another function) of spatial and spin-dependent electron density distribution, n(r).

Therefore, for an N -body system, the number of degrees of freedom reduces from 3N

to 3 by its electron density. The foundation of DFT is based on Hohenberg-Kohn theo-

rem, which states that the properties of a system are functionals of ground state electron

density. An exact solution from DFT calculation has been made by taking together Born-

Oppenheimer approximation, Kohn-Sham ansatz, and approximation for the exchange-

correlation potential. The term exchange-correlation potential introduces the e�ects of

Coulomb potential and Pauli principle beyond electrostatic interaction of homogeneous

electron gas. Local Density Approximation (LDA) is the simplest approximation that

locally substitutes the exchange-correlation energy density of an inhomogeneous system

with that of a homogeneous electron gas evaluated at the local density. Further improve-

ments in LDA have been made by gradient corrections, commonly known as Generalized

Gradient Approximation (GGA). This chapter describes the theoretical methods used in

the electronic structure determination of many body systems.
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2.8 The Many-body Problem and Born-Oppenheimer Ap-

proximation

The Hamiltonian for a many-body system can be written as

H = �
	h2

2

∑
I

∇2
RI

MI

�
	h2

2

∑
i

∇2
ri

me

+
e2

2

∑
I 6=J

ZIZJ
|RI � RJ|

+
e2

2

∑
i6=j

1
|ri � rj|

� e2
∑
I,i

ZI
|Ri � ri|

.
(2.5)

The indexes i, j (I, J) run on electrons (nuclei), the ri (Ri) and mi (Mi) represent the

position and mass of the ith (Ith) electron (nuclei), and ZI and ZJ represent the atomic

number of nuclei I and J, respectively. Here the �rst and second terms are kinetic energies

of nuclei and electrons, respectively. The third, fourth, and �fth terms are the potential

energy of nucleus-nucleus, electron-electron, and electron-nucleus Coulomb interactions,

respectively. In order to determine the electronic structure of the system, one needs to

solve the many-body Schrödinger equation given by

HΨ = EΨ (2.6)

where E is the total energy of the system and Ψ is the wavefunction of the form,

Ψ = Ψ (r1, r2, ..., ri, ..., R1, R2, ..., RI, ...). (2.7)

However, it is di�cult to solve it in practice for large systems, and approximations are

required to reduce the number of terms in Eq. 2.5. Since the relative masses of nuclei

are much larger than the electrons; therefore, the motion of nuclei is much slower than

(two orders of magnitude) that of electrons and the kinetic energy term corresponding

to the nuclei in Eq. 2.5 can be neglected. Based on these facts, the nuclei are considered

�xed, and the wavefunctions of electrons and nuclei are treated separately, commonly

known as the Born-Oppenheimer approximation [157]. The wavefunction under this

approximation can be written as

Ψ = χ (R1, R2, ..., RI, ...)Φ (r1, r2, ..., ri, ..., R1, R2, ..., RI, ...) (2.8)
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where χ stands for the nuclei and Φ for the electrons. Thus, under the Born-Oppenheimer

approximation, the motion of electrons is separated from nuclei, and it is considered that

the electrons are moving under a constant potential formed by nuclei.

2.9 Thomas-Fermi-Dirac Approximation

Despite the simpli�cation introduced by the Born-Oppenheimer approximation, the task

of solving the Schrodinger equation for an N -body system with 3N degrees of freedom is

still di�cult. To sort out this problem, Thomas, Fermi, and Dirac used electron density

as a fundamental variable [158�160]. In this model, the total energy of the system under

an external potential is given by

ETFD[n(r)] = A1

∫
n(r)5/3dr +

∫
n(r)Vext(r)dr +

1
2

∫∫
n(r)n(r′)
|r � r′|

drdr′

+ A2

∫
n(r)4/3dr.

(2.9)

Here the �rst term is the kinetic energy of the electrons with A1 = 3
10 (3π

2)2/3. The sec-

ond, third, and fourth terms are classical nucleus-electron Coulomb interaction, Hartree

energy, and electron correlation. Although this semi-classical approach was the �rst step

towards describing the ground state properties by electron density, however; it su�ers

miserable di�culties in addressing exchange and correlation e�ects. Later, in 1964, Ho-

henberg and Kohn proved the DFT to be the exact theory for many-body systems, and

their approach is the main pillar of modern-day DFT [161].

2.10 Density Functional Theory

2.10.1 Hohenberg�Kohn theorems

It applies to system consisting of interacting particles moving under an external potential,

and their approach is summarized in the following two theorems [162].
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Theorem I: For any interacting electron system under the in�uence of external potential

Vext, the electron density n(r) uniquely determines the Vext, except for a constant. Thus

the total energy is a unique functional of n(r).

Theorem II: The energy functional E [n(r)] = F [n(r)] +
∫
n(r)Vext(r)dr is minimized

by the true ground state density n0(r) of the system, and the exact ground state energy

is the global minimum value of E [n(r)]. Here F [n(r)] is the universal functional inde-

pendent of Vext(r), and it represents the kinetic and interaction energy of the electrons.

Although the Hohenberg-Kohn approach provides a di�erent perspective to solve the

many-body problem; however, the exact calculations of various properties of the system

is still di�cult because the F [n(r)] is unknown. To overcome this di�culty, Kohn and

Sham mapped the many-body problem onto a single-body problem by an auxiliary non-

interacting electron system constrained to the fact that the two systems have the same

ground state density [163].

2.10.2 Kohn�Sham formalism

Kohn-Sham approach of treating the many-body system as a single-body was the �rst

step toward the practical use of Hohenberg-Kohn theorems [163]. It makes the DFT the

most powerful tool to describe various ground state properties of the system. This ap-

proach maps the interacting electron system under real external potential onto a pseudo-

non-interacting system where the electrons move under a single-particle Kohn-Sham

potential VKS(r). For this �ctitious non-interacting system, the Hamiltonian is given by

HKS = �
1
2
∇2 + VKS(r) (in Hartree units). (2.10)

The ground state for this independent N electron system is obtained by solving the N

one-electron Schrodinger-like eigenvalue equations,

(HKS � εi)Ψi(r) = 0 (2.11)
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where Ψi(r) are the single particle orbitals with corresponding eigenvalues εi, and i run

from 1 to N. The density of this auxiliary single-electron system is obtained from

n(r) =
N∑
i=1

|Ψi(r)|2 (2.12)

where
∫
n(r)dr = N. In Kohn-Sham formalism, the ground state energy of the system

is obtained by minimizing the

EKS [n(r)] = TS [n(r)] + EHartree [n(r)] + EXC [n(r)] +
∫

n(r)Vext(r)dr (2.13)

where the total electrons (N) are �xed. Here TS [n(r)] is the Kohn-Sham kinetic energy

given by,

TS [n(r)] = �
1
2

N∑
i=1

∫
Ψ *
i (r) ∇2Ψi(r) dr. (2.14)

The second term in Eq. 2.13 is the Hartree energy,

EHartree [n(r)] =
1
2

∫∫
n(r)n(r′)
|r � r′|

drdr′ (2.15)

and the third term (EXC [n(r)] ) represents the exchange-correlation functional. Using

the Hohenberg-Kohn theorems, the ground state energy can be calculated by minimizing

Eq. 2.13, and the obtained Kohn-Sham potential is

VKS(r) = Vext(r) +
δEHartree [n(r)]

δn(r)
+
δEXC [n(r)]
δn(r)

(2.16)

where the second term is Hartree potential VHartree(r) expressed as

VHartree(r) =
∫

n(r′)
|r � r′|

dr′ (2.17)

and the third term is exchange-correlation potential VXC(r). The Eq. 2.11, 2.12, and

2.16 together are called Kohn-Sham equations. These equations need to be solved self-

consistently because the single-particle potential VKS(r) depends on the density. The

ground state energy E0 is given by,

E0 =
occ∑
i=1

εi �
1
2

∫∫
n(r)n(r′)
|r � r′|

drdr′ + EXC [n] �
∫

n(r)VXC(r)dr. (2.18)
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Since EXC [n] is unknown in Eq. 2.18, therefore approximations are required to calcu-

late the ground state properties. The commonly used approximation for exchange and

correlation term is the LDA [163].

2.10.3 Local density approximation

It is the most straightforward approach that replaces the exchange-correlation energy

per electron for this inhomogeneous system at a point r by the same for a homogeneous

electron gas of the same density evaluated at the same point r. For a non-spin-polarized

system, the EXC [n] under LDA is expressed as

ELDA
XC [n] =

∫
n(r) εhomXC (n(r)) dr (2.19)

where εhomXC (n(r)) = εhomX (n(r)) + εhomC (n(r)), is the sum of the exchange εhomX (n(r)) and

correlation εhomC (n(r)) energy per electron for a homogeneous system of density n(r).

However, for spin-polarized systems, the exchange and correlation terms cannot be

treated separately. The εhomX (n(r)) can be calculated analytically using the Hartree-Fock

method and expressed as [164, 165]

εhomX (n(r)) = �
3
4

(
3
π

)1/3

(n(r))1/3 . (2.20)

However, the εhomC (n(r)) is the most di�cult to estimate except for high and low-density

limits [166, 167]. Therefore, to calculate the exact εhomC (n(r)) for intermediate densities,

quantum Monte Carlo simulations have been performed for the energy of the homoge-

neous system [168]. Based on these simulations for the approximation of εhomC (n(r)),

several LDA methods were proposed [169, 170]. In spite of the ignorance of the contribu-

tion from inhomogeneous electron density in εhomXC (n(r)), the success of LDA is remarkable

because it satis�es the sum rule for the exchange-correlation hole [171]. The LDA results

are satisfactory for the geometrical parameters of small molecules; however, it su�ers

massive failure in predicting the band gap. These drawbacks lead to the approximation

of EXC [n] beyond LDA by adding gradient corrections on the electron density [172�174].
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2.10.4 Generalized gradient approximation

In spite of the success of LDA in describing the structural parameters (bond lengths,

particle densities, vibrational frequencies) for atoms or simple molecules, the ignorance

of inhomogeneities in electron density produces errors in predicting the ground state

energies and band gap for semiconductors. It leads to density gradient corrections on

the electron density [172�174], which provides much more satisfactory results than LDA

in many cases. The EXC [n] under gradient corrections is expressed as

EGGA
XC [n] =

∫
n(r) εGGAXC (n(r), |∇n(r)|) dr

=
∫

n(r) εhomX (n(r))FXC(n(r), |∇n(r)|) dr
(2.21)

where FXC is dimensionless and can be written as a sum of exchange FX and correla-

tion FC contribution (FXC = FX+FC). Several forms of FX in terms of density gradient

(∇n(r)) have been proposed, which are widely used as B88 (Becke) [173], PW91 (Perdew

and Wang) [175], and PBE (Perdew, Burke, and Enzerhof) [174]. In general, for sys-

tems having rapidly varying electron density, the GGA method works better than the

LDA; however, in the case of ionic crystals, the GGA overcorrects the LDA results. Thus,

depending on the nature of atoms and molecules, these two methods can be used as alter-

natives. However, for strongly correlated electron systems such as transition-metal oxide

and rare-earth elements, both methods work poorly. The DFT results using LDA/GGA

method predict the metallic nature of NiO, which is in general a Mott insulator with

localized d electrons [176]. In view of these drawbacks, additional orbital-dependent

interaction needs to be coupled with these methods.

2.10.5 DFT+U method

There are numerous approaches, such as self-interaction correction (SIC) [177], DFT

(GGA/LDA) + U [178�180], and Hartree-Fock (HF) [181], to include the correlation

e�ects in the localized orbitals. Out of these methods, the GGA/LDA + U is the most

common and widely used to deal with this problem. Throughout this thesis, all the

calculations were performed using GGA + U functionals. The term GGA + U stands
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for the method that involves GGA along with the on-site orbital-dependent interaction.

This additional orbital-dependent term

(
1
2 U
∑
i6=j

ni nj

)
is considered only for Coulomb

interaction between highly localized orbital (d or f ) electrons, where n i and nj are

orbital occupancies. If we remove the double-counted averaged GGA/LDA energy of

these localized orbital electrons (ignoring the non-sphericity and exchange also), the

energy functional under this approximation is simpli�ed to [179]

EDFT+U = EDFT +
1
2
U
∑
i6=j

ni nj �
1
2
UNd/f (Nd/f � 1) (2.22)

where Nd/f is the total number of d or f electrons (Nd/f =
∑

ni), and the orbital energies

(εi) are the derivatives of Eq. 2.22 w.r.t. ni

εi =
∂E

∂ni
= εDFT +U

(
1
2
� ni

)
. (2.23)

This simplest approach shifts the orbital energy by +U /2 for unoccupied orbitals and

-U /2 for occupied orbitals, leading to upper and lower Hubbard bands with energy

separation U for strongly correlated transition metal oxides. In spite of the success of on-

site Coulomb interaction in predicting the correct results for Mott insulators, a general

form of orbital basis set is required to properly account for the direct and exchange

Coulomb interactions in partially �lled localized orbitals. Thus a generalized version of

this method is de�ned in terms of density matrix {nσ} as

EDFT+U
total [ρσ(r), {nσ}] = EDFT[ρσ(r)] + EU[{nσ}] � Edc[{nσ}] (2.24)

where ρσ(r) is the charge density for spin-σ electrons, and the second term is the d -d or

f -f electron Coulomb interaction energy

EU[{n}] =
1
2

∑
{m},σ

{〈
m,m′′

∣∣Vee
∣∣m′,m′′′〉 nmm′σ nm

′′m′′′
�σ �

(〈
m,m′′

∣∣Vee
∣∣m′,m′′′〉

�
〈
m,m′′

∣∣Vee
∣∣m′′′,m′〉)nmm′σ nm

′′m′′′
σ

} (2.25)

where Vee are the screened Coulomb interactions between d or f electrons, and m is

the magnetic quantum number. The third term corrects the double-counted averaged
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GGA/LDA energy in Eq. 2.24 and expressed as

Edc[{nσ}] =
1
2
UNd/f (Nd/f � 1) �

1
2
J
[
N
↑
d/f (N

↑
d/f � 1) + N

↓
d/f (N

↓
d/f � 1)

]
. (2.26)

Here N d/f = N
↑
d/f+N

↓
d/f , N

σ = Tr
(
nmm

′
σ

)
, and U and J are Coulomb and exchange pa-

rameters, respectively. In constructing the e�ective single-particle Hamiltonian He� , an

additional single-particle potential V σ
mm′ was used with the usual GGA/LDA potential

as

He� = HDFT +
∑
m,m′

|inlmσ〉 Vσmm′
〈
inlm′σ

∣∣ (2.27)

where

Vσmm′ =
∑
{m}

{〈
m,m′′

∣∣Vee
∣∣m′,m′′′〉 nm′′m′′′�σ �

(〈
m,m′′

∣∣Vee
∣∣m′,m′′′〉

�
〈
m,m′′

∣∣Vee
∣∣m′′′,m′〉)nm′′m′′′σ

}
�U
(
Nd/f �

1
2

)
+ J

(
Nσ �

1
2

)
.

(2.28)

In Eq. 2.27, i is the site, n is the principal quantum number, and l is the orbital quantum

number. Furthermore, the matrix elements of Vee are expressed as

〈
m,m′′

∣∣Vee
∣∣m′,m′′′〉 =

2l∑
k=0

ak
(
m,m′,m′′,m′′′

)
Fk (2.29)

where Fk is the e�ective Slater integrals and

ak
(
m,m′,m′′,m′′′

)
=

4π
2k+ 1

k∑
q=�k

〈lm|Ykq

∣∣lm′〉 〈lm′′∣∣Y*
kq

∣∣lm′′′〉 (2.30)

here Y stands for spherical harmonics. The U and J for 3d or 4f electrons are related

to Slater integrals as

U = F0; J =
F2 + F4

14
(for 3d)

U = F0; J =
286F2 + 195F4 + 250F6

6435
(for 4f)

(2.31)

where the ratio F4/F2 ≈ 0.625 (0.667) for 3d (4f ) elements, and the F6/F2 ≈ 0.5 for

4f elements [182]. Furthermore, there are two di�erent approaches, the fully localized
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limit (FLL) and the around mean �eld (AMF) [183, 184], for determining the double-

counting term Edc. The main advantage of the DFT + U method is that the Hubbard

correction term is applied to the speci�c electrons (d or f ), while the others are treated

by the standard GGA/LDA. Furthermore, the inclusion of on-site Coulomb interaction

in standard GGA/LDA not only tunes the band gap for transition metal oxides but also

provides qualitative improvement for ground-state properties.

2.11 DFT Implementation

In calculating the ground state properties, one needs to solve the Kohn-Sham equations.

Since the V KS in Eq. 2.16 is closely related to n(r) therefore, these equations need

to be solved self consistently. Fig. 2.13 shows the step-by-step process to achieve the

self-consistent convergence criteria. Initially, with an arbitrary value of n(r), the V KS

is calculated, and the Eq. 2.11 is solved to get the single-particle wavefunctions. Using

the obtained wavefunctions, the new electron density is calculated from Eq. 2.12. The

self-consistent condition is checked after calculating the new electron density. If the con-

vergence criteria is achieved, the various properties are calculated. Otherwise, the same

process will restart with a new density, a mixture of density for the previous iteration

and the newly calculated one. This process runs until self-consistency is achieved.

The major di�culty in following the above procedure is to solve the Kohn-Sham equation

with a given V KS; therefore, developing an accurate and less time-consuming method

for solving these equations is the biggest challenge from condensed matter physics point

of view. There are several methodologies to overcome these issues, which are broadly

classi�ed into three categories: the plane wave basis set, the localized atomic orbitals

[185, 186], and the atomic sphere methods [187]. In this thesis, we employed a generalized

plane wave-based approach called Projector Augmented Wave (PAW) [188].
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Figure 2.13: Flowchart for solving the Kohn-Sham equations.

2.12 Plane Wave Basis

In the periodic crystal structure, there is a regular arrangement of atoms; therefore, the

atoms are considered to move under an e�ective periodic potential V e�(r) expressed as

Ve� (r+T) = Ve� (r) (2.32)
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where T is the translation vector of the lattice (T = n1a1 + n2a2 + n3a3, where n1,n2,

and n3 are integers and a1, a2, a3 are the Bravais lattice vectors). Under this condition,

Bloch's theorem states that the electron wavefunctions can be expanded in a discrete set

of plane waves

Ψk (r) = eik .ruk (r) . (2.33)

Here k is the wave vector, and uk is the periodic function of periodicity same as the lattice.

Thus, the expansion of electronic wavefunctions under an e�ective periodic potential

is quite simple and a breakthrough point from condensed matter physics perspective.

However, it requires a large number of plane waves to expand the wavefunctions for

tightly bound core electrons. In addition, this method is poorly suited for dealing with

the rapid oscillations of wavefunctions for valence electrons. Thus, the Bloch's theorem

alone can't be su�cient for the proper description of the system. So pseudopotentials

method that removes the wiggles in the wavefunctions for valence electrons, providing

smooth pseudo-wavefunctions with a reasonable number of plane waves in the core region,

has been introduced. The most widely used plane wave-based pseudopotentials are Norm-

Conserving Pseudopotentials (NCPP) and Ultrasoft Pseudopotentials (USPP) [189, 190].

In spite of the success of the pseudopotentials method in making the calculations cost-

e�ective for large systems, the results were less accurate; therefore, a generalized modern-

day approach known as Projector Augmented Wave has been introduced [188]. The

following subsections deal with the evolution of the plane wave basis method.

2.12.1 Norm-conserving pseudopotentials

Basically, it replaces the e�ects of the motion of core electrons and nuclei with pseu-

dopotentials such that the valence electron states in the core region can be represented

by smooth pseudo-wavefunctions with fewer plane waves, and the core states are elimi-

nated. The NCPP are determined using atomic reference states subject to the following

constraints:

1. Beyond the core cut-o� radius rc, the pseudo-valence eigenstates should have the

same amplitude and energies as that of the all-electron eigenstates.
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2. Inside the rc, the norm of each pseudo wavefunction ΨPV should be the same as

that of the corresponding all-electron wavefunction ΨAE. It can be mathematically

expressed as

∫ rc

0
Ψ *
PV (r)ΨPV (r) r

2 dr =
∫ rc

0
Ψ *
AE (r)ΨAE (r) r

2 dr. (2.34)

This most straightforward approach of plane wave basis with pseudopotentials signi�-

cantly reduced the computational cost and worked well with the s and p shell case, where

the wavefunctions can be represented by a limited number of plane waves. However, this

method becomes intractable for the localized d and f shells where a large number of plane

waves are required. The success of this method depends on the appropriate selection of

rc, which should be around the outermost maximum of the ΨAE.

2.12.2 Ultrasoft pseudopotentials

Under norm-conservation criteria, it is unrealistic to make smooth pseudo-wavefunctions

inside rc. Thus, the approach of NCPP in solving Kohn-Sham equations demands a

large number of plane waves, making the process time-consuming. In 1990, Vanderbilt

proposed a new and radical approach known as USPP to achieve much smoother pseudo-

wavefunctions than NCPP, leading to low cut-o� energy for plane waves [190�192]. The

norm-conserving condition is no longer required in this method; therefore, a charge

de�cit described by local augmentation charges exists between ΨPV and ΨAE. Thus,

the method of ultrasoft pseudopotentials arises with inherent complications such as non-

normalized wavefunctions, which leads to the eigenvalue problem. In addition, the charge

density can not be governed by simple rules. However, the pseudopotentials generated

by this approach are transferable and cost-e�ective, and their wide range of use in the

calculations for larger systems is su�cient to prove their reliability in solid-state physics.

2.12.3 Projector augmented wave

It combines the linearized augmented-plane wave [188, 193, 194] with the pseudopoten-

tials approach and turns out to be one of the most precise and transferable methods
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for calculations. In this approach, the system is divided into the augmentation region

and the interstitial region. The augmentation region consists of non-overlapping spheres

(|r � ri | < ricut, where r
i is the position of the i th atom and ricut is the cut-o� radius)

enclosing each atom of the system, and the interstitial region has the remaining part. In

the augmentation region, the wavefunction is obtained by partial wave expansion in a

sphere around the atom, while in the interstitial region, it is expanded in terms of plane

waves.

In this method, the pseudo wavefunction Ψ̃n is directly connected to the all-electron

wavefunction Ψn by a linear transformation

|Ψn〉 = T̂ |Ψ̃n〉. (2.35)

As the Ψn and Ψ̃n di�er only in the core region, therefore, the T̂ can be written as

T̂ = 1 +
∑
i

T̂i (2.36)

where T̂i acts only inside that augmentation region which encloses the i th atom. The Ψ̃n

in the augmentation region is expanded as pseudo partial waves

∣∣∣Ψ̃n〉 =
∑
i,j

C i
nj

∣∣χ̃ij〉 . (2.37)

Since the T̂ is linear, therefore the C i
nj must be the inner product with a set of projector

operators p̃ij,

C i
nj = 〈p̃ij|Ψ̃n〉. (2.38)

The T̂ can be written as

T̂ = 1 +
∑
i,j

(∣∣χij〉 � ∣∣χ̃ij〉) 〈p̃ij|. (2.39)

Substituting the T̂ in Eq. 2.35 provides the all-electron wavefunction expressed as

|Ψn〉 = |Ψ̃n〉 +
∑
i,j

(∣∣χij〉 � ∣∣χ̃ij〉) 〈p̃ij|Ψ̃n〉 . (2.40)
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Thus, using the PAW approach, the wavefunctions can be separated into smooth auxiliary

wavefunctions and atom-centered contribution (sum over the di�erence of one-centered

all electron contribution and one-centered pseudo part).

2.13 Vienna Ab initio Simulation Package

It is a material modeling program based on �rst principles commonly known as VASP.

The computational code of VASP was written by Jürgen Furthmüller and Georg Kresse.

The VASP has four input �les:

1. INCAR

2. POSCAR

3. KPOINTS

4. POTCAR.

2.13.1 INCAR

The INCAR �le speci�es the input parameters that determine what to perform and how

to do it. It also includes the key parameters for the calculations, such as the convergence

criteria, plane wave cut-o� energy, and smearing parameters. The VASP has default

values for input parameters, which works well for most of the standard calculations.

However, a few parameters need to be modi�ed for speci�c calculations, such as the den-

sity of states, band structure, spin-orbit coupling, Fermi surface, and phonon dispersion.

The details of such parameters is given below.

INCAR �le

System = A2BC ! Comment line

PREC =NORMAL ! Precession: HIGH/MEDIUM/LOW/NORMAL/ACCURATE

ENCUT = 600 ! Kinetic Energy Cuto� in eV

EDIFF = 1.0E-06 ! Energy convergence criteria in eV
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ICHARG = 2 ! 0|1|2|11|12 to construct or �xed initial charge density

ISTART = 0 ! 0|1|2 determines whether to read the WAVECAR or not

ISPIN = 2 ! Spin polarized calculations: 1-No 2-Yes

LREAL = .TRUE. ! TRUE/FALSE Real-space projection or in reciprocal space

EDIFFG = 1.0E-03 ! Stopping criteria for ionic relaxation

IBRION = 2 ! Ionic relaxation: 0-MD 1- RMM-DIIS 2-CG

ISIF = 1 ! 0|1|2|3|4|5|6 Calculations of Stress tensor and Relaxation

SIGMA = 0.10 ! determines smearing width in eV

ISMEAR = 0 ! -1 Fermi smearing, 0 Gaussian smearing, -5 tetrahedron

2.13.2 POSCAR

It is an essential �le that contains the necessary information about crystal structure and

atomic positions to run the VASP calculations. The usual format for POSCAR �le is as

follow

POSCAR �le

A2BC ! Comment line

1.0 ! lattice scaling factor

4.0500001907 0.0000000000 0.0000000000

0.0000000000 4.0500001907 0.0000000000

0.0000000000 0.0000000000 4.0500001907

A B C

8 4 4

Direct

0.250000000 0.250000000 0.250000000 A

0.750000000 0.750000000 0.750000000 A

0.750000000 0.750000000 0.250000000 A

0.250000000 0.250000000 0.750000000 A

0.750000000 0.250000000 0.750000000 A

0.250000000 0.750000000 0.250000000 A
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0.250000000 0.750000000 0.750000000 A

0.750000000 0.250000000 0.250000000 A

0.000000000 0.000000000 0.000000000 B

0.000000000 0.500000000 0.500000000 B

0.500000000 0.000000000 0.500000000 B

0.500000000 0.500000000 0.000000000 B

0.500000000 0.500000000 0.500000000 C

0.500000000 0.000000000 0.000000000 C

0.000000000 0.500000000 0.000000000 C

0.000000000 0.000000000 0.500000000 C

Here the �rst line is the comment line, and usually, it is preferable to write the system

name. The universal lattice scaling factor, which is used to scale the atomic coordinates

and lattice vectors, is given in the second row. Unit cell of the current system is de�ned

by the three lattice vectors (x y z) given in the third, fourth, and �fth lines. The sixth

row provides the list of elements present in the system, and the seventh row speci�es the

total number of species of each element. The eighth row speci�es whether the atomic

positions are given in direct (fractional) coordinates or Cartesian coordinates, and the

following lines specify the position of each atom sequentially.

2.13.3 KPOINTS

The KPOINTS �le contains the number of k -points used to perform a calculation. The

simplest way to specify the k -points is to choose a gamma-centered mesh, as given below.

KPOINTS �le

Automatic generation

0 ! 0 stands for Automatic generation scheme.

G ! G stands for gamma centered grid

6 6 6 ! Subdivisions along the reciprocal lattice vectors

0 0 0 ! Optional shift of the mesh
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However, for the band structure calculation, the k -point integration was performed along

the high symmetry path in the �rst Brillouin zone.

2.13.4 POTCAR

It contains the pseudopotentials for each element used in the VASP run. It also includes

the basic information of elements such as valence, mass, electronic con�guration, and

energy in the reference con�guration for which pseudopotential was generated.
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Chapter 3

Ca3�xDyxCo2O6: Evidence of

Cluster-Glass-like Freezing

Spin-glass behavior in a system is mainly associated with geometrical frustration

marked by numerous properties such as slow relaxation, memory e�ect, aging e�ect, and

quantum tunneling of magnetization [27, 54, 195, 196]. The geometrical frustration in

a system is a result of degeneracy in the magnetic ground state, due to which a non-

uniform interaction develops. In some cases, the resulting non-uniform interaction can

freeze the cluster of spins, and a cluster-glass state is formed [197, 198]. Ca3Co2O6 is one

of the geometrically frustrated compounds which belongs to the family of quasi 1D spin-

chain compound of structure A3BB′O6 [23, 85, 199�202]. It crystallizes in the K4CdCl6

(rhombohedral) type structure with space group R3̄c. The crystal structure of Ca3Co2O6

consists of an in�nite number of chains of alternating face-sharing CoO6 octahedra (Co1)

and CoO6 trigonal prisms (Co2), which is running along the c-axis (cf. Fig. 1.1). These

chains are separated by non-magnetic Ca2+ cations and surrounded by six other equally

spaced chains, forming a triangular lattice in the ab plane [81]. The Co3+ ions located at

the octahedral site are in the low spin (S = 0) state, while in the trigonal prism site, they

are in the high spin (S = 2) state [28, 29]. It possesses an Ising-like character with spins

parallel to the chain, while the intra-chain and inter-chain couplings are ferromagnetic

71
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and antiferromagnetic, respectively, which give rise to frustration and peculiar magnetic

behavior [28, 201, 202]. The 1D character in the magnetic properties is expected because

the distance between the magnetic ions along the chain is approximately half that of the

inter-chain distance [81]. At low temperature, the combination of geometric frustration

with 1D character makes it quite complicated and of considerable interest. Initially, it

was proposed that the system undergoes a partially disordered antiferromagnetic phase

below 25 K (T c1), and a short-range glassy state is formed below 10 K (T c2) [85].

However, the neutron di�raction study suggested that the transition corresponds to

an incommensurate amplitude-modulated PDA (spin density wave) structure with a

wave propagation vector k = (0, 0, 1.01) [30]. On lowering the temperature, the spin

density wave structure became more destabilized, and over a time scale of several hours,

new Bragg re�ections corresponding to commensurate antiferromagnetic structure with

wave propagation vector k = (0.5, -0.5, 1) began to appear [14, 30]. Furthermore, the

pressure-dependent neutron di�raction study suggested the suppression of spin-density

wave structure and stabilization of CAFM structure at pressure P = 2.1 GPa [89]. In

addition to the pressure-induced e�ects, the system exhibits a complex magnetic phase

diagram with temperature and magnetic �eld. At 10 K, the system exhibits a single in-

�eld ferrimagnetic to ferromagnetic transition [200]; however, for the low temperature,

successive regularly spaced steps have appeared in the M-H curves, which are related

to QTM [25, 27]. Furthermore, the complicated dynamics of in-�eld transitions have

drawn considerable interest from low-temperature magnetism point of view [25, 27, 203].

The frozen spin-state starts below 10 K, is highly frustration related, and its dynamics

strongly depend on �eld sweep rate and thermal activation [25].

Irrespective of the 1D character in Ca3Co2O6, there are signi�cant chances of tuning

the magnetic structure by elemental substitution to make it useful for application pur-

poses. From the �rst-principles calculation for Ca3�xYxCo2O6, the ground states were

predicted to be a half-metallic ferromagnet and an unusual insulating ferromagnet [84]. It

has been reported that it exhibits ferroelectric-relaxor-like behavior for Ca3�xGdxCo2O6

[109]. The time-dependent spin density wave order in Ca3Co2O6 has been stabilized for

Ca2.75R0.25Co2O6 (R = Dy and Lu) [118]. Thus, Dy based rare-earth-ion substitution

greatly in�uences the structural and magnetic properties of Ca3Co2O6 [119]. However,
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the nature of magnetic ordering in these rare earth substituted compounds is still un-

clear. Hence, exploring their properties will be exciting and may unravel new magnetic

states. This chapter deals with the structural and magnetic properties of Dy-doped

Ca3�xDyxCo2O6 samples by analyzing X-ray di�raction, FESEM, RAMAN, XPS, and

DC magnetization measurement data.

Here in this chapter, the structural and magnetic properties of Ca3�xDyxCo2O6 (x =

0, 0.1, 0.2, and 0.3) samples were discussed. The polycrystalline Ca3�xDyxCo2O6 sam-

ples were synthesized using the conventional solid-state route method, and evidence

of Cluster-glass-like freezing phenomena was found in these samples. Isothermal mag-

netization curve depicts step-like change indicative of the �rst-order transition, which

decreases with the increase of substitution. The Brillouin function was used to deter-

mine the `spins'participating at this �rst-order transition
(
J
(
1
2

)
→ J

(
3
2

))
. Relaxation

measurements revealed the existence of short-range cluster-glass-like behavior. Analyz-

ing the results using Vogel-Fulcher law shows that the Vogel-Fulcher temperature (T 0)

and the relaxation time is around 10 K and 104 s, respectively.

3.1 Experimental Details

Polycrystalline samples of Ca3�xDyxCo2O6 (x = 0, 0.1, 0.2, and 0.3) were prepared by

the solid-state reaction method. The required amount of reagents CaCO3, Co3O4, and

Dy2O3 were mixed using an agate mortar pestle and preheated at 900 ◦C for 24 h. The

obtained mixtures were pressed in the form of pellets and sintered at 1000 ◦C for 48 h.

Powder X-ray di�raction measurements were performed on all the samples at room tem-

perature using a Rigaku X-ray di�ractometer (TTRAX III) with Cu-Kα (λ = 1.5406 Å)

radiation from scattering angle (2θ) 10◦ to 80◦. Microstructural images and particle size

were analyzed using ZEISS made Field Emission Scanning Electron Microscope. Room

temperature Raman spectra were obtained using micro-Raman spectroscopy (LabRam

HR, Jobin Yvon) with an excitation wavelength of 488 nm. The chemical composi-

tion of samples was analyzed by ESCALAB Xi+ (Thermo Fisher) X-ray photoelectron

spectroscopy instrument. The magnetization data were taken using a vibrating sample
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magnetometer probe installed in a quantum design physical property measurement sys-

tem. We have followed two protocols known as zero �eld cooled and �eld cooled (FC)

for the magnetization measurements. In the ZFC protocol, the samples were cooled from

room temperature to 3 K in the absence of an external magnetic �eld, and then external

magnetic �eld was switched on at this temperature, and data were taken during the

warming up cycle in the presence of the external magnetic �eld. For the FC protocol,

the samples were again cooled from room temperature to 3 K under the same applied

magnetic �eld used in ZFC measurements, and magnetization data were taken during

the warming up cycle.

3.2 Results

3.2.1 Structure

The X-ray di�raction patterns of all the samples were taken at room temperature and

analyzed by the Rietveld re�nement technique using the FULLPROF program. Rietveld

re�nement con�rms the single-phase formation, and the compound crystallizes in the

rhombohedral structure (space group R3̄c). Fig. 3.1 shows the Rietveld re�ned data

with associated Bragg position. The re�ned crystal structure of Ca3Co2O6 containing

alternating CoO6 octahedra and CoO6 trigonal prisms is presented in Fig. 3.2.

The lattice parameters `a' and `c' were directly obtained from the re�nement. Table 3.1

contains the re�ned lattice parameters `a', `c', and the `c/a' ratio, which are plotted

with the Dy concentration in Fig. 3.3. From Fig. 3.3, we can see that as we increase the

Dy content, the lattice parameter `a' decreases while `c' increases and the overall `c/a'

ratio increases (Table 3.1). The intra-chain bond length (Co1-Co2) increases with the Dy

concentration, while the inter-chain bond length (Co2-Co2) decreases (Table 3.1). Thus,

the substitution of Dy results in the elongation of the c-axis. For x = 0.1 sample, the

volume of the cell (V ) decreases, but for x = 0.2 and 0.3, it increases (Table 3.1). The

lower ionic radius of the Dy3+ ion (1.05 Å) compared to the Ca2+ ion (1.14 Å) suggested

that the Dy substitution should result in the shrinkage of the lattice. It supports the

result for x = 0.1 sample but is di�erent for the x = 0.2 and 0.3 samples. The doping
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Figure 3.1: Rietveld re�ned X-ray di�raction patterns of Ca3�xDyxCo2O6 (x = 0,
0.1, 0.2, and 0.3) at room temperature (open circle). The red solid line represents the
calculated data, and the black vertical line represents the position of Bragg peaks. At
the bottom of each �gure, the blue solid line shows the di�erence between the observed

and calculated patterns.

of Dy3+ ions for Ca2+ ions will possibly lead to a reduction of Co3+ to Co2+ ions to

maintain charge neutrality, which is earlier reported by Jain et al. [118]. The Co2+(HS)

and Co2+(LS) ions have ionic radius 0.745 Å and 0.65 Å, respectively, which is higher

than the ionic radius of Co3+(HS) ion (0.61 Å). For x = 0.1 sample, the lattice shrinks

due to a small ionic radius of Dy3+ ion. As the Dy concentration increases, a greater

number of Co2+ ions were induced, due to which the lattice expands for x = 0.2 and 0.3

samples. It also suggested that the e�ect of induced Co2+ ions arises signi�cantly for x

≥ 0.2.

The FESEM micrographs are shown in Fig. 3.4. It can be seen that the grains are spher-

ical for all the samples, and their distribution is relatively uniform over the entire region.

Using ImageJ software, we have calculated the average particle size, which decreases

from 3 µm for the parent compound to 1.8 µm for the x = 0.3 doped sample.
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Figure 3.2: (a) Crystal structure of Ca3Co2O6, showing alternating CoO6 octahedra
(shown in green) and CoO6 trigonal prisms (shown in pink) (b) projection along the

c-axis.

Figure 3.3: Variation of lattice parameter a, c, and c/a ratio with the doping con-
centration of Dy (x = 0, 0.1, 0.2, and 0.3).

3.2.2 Raman spectroscopy

Fig. 3.5 depicts the observed room temperature Raman spectra of Ca3�xDyxCo2O6 (x

= 0, 0.1, 0.2, and 0.3) in which four modes are visible in the range of 500 cm�1 to 750

cm�1. These four modes are at 540 cm�1, 571 cm�1, 639 cm�1, and 691 cm�1. Group

theoretical analysis for rhombohedral structure with R3̄c space group predicts 24 Raman

active modes having A1g and Eg symmetries (4A1g+10Eg) [204, 205]. The Eg mode

is 2-fold degenerate (E1g and E2g). According to the crystallographic site symmetries,
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Figure 3.4: FESEM micrographs for Ca3�xDyxCo2O6 (a) x = 0 (b) x = 0.1 (c) x =
0.2 (d) x = 0.3.

Table 3.1: Lattice parameters a, c, c/a ratio, volume of the cell (V ), intra-chain
(Co1-Co2), and inter-chain (Co2-Co2) bond lengths of Ca3�xDyxCo2O6 (x = 0, 0.1,

0.2, and 0.3).

x
a(Å)

(± 0.001 Å)

c(Å)

(± 0.001 Å)
c/a

V

(Å3)

Co1-Co2

(Å)

Co2-Co2

(Å)

0 9.078 10.382 1.144 741.05 2.596 5.520

0.1 9.070 10.401 1.147 740.90 2.600 5.516

0.2 9.058 10.430 1.151 741.17 2.608 5.511

0.3 9.052 10.461 1.156 742.87 2.615 5.510

both the Co1 and Co2 ions sites are stationary for the Raman active A1g mode, while

for the Eg mode, only the Co1 ions site is stationary. The intense peak at 639 cm�1 was

assigned to E1g symmetry, and the broad modes at 540 cm�1, 571 cm�1, and 691 cm�1

were set to E2g, E1g, and A1g symmetry, respectively [205]. No additional peaks related

to Dy or its oxide phases were detected in the Raman spectra of Dy doped samples,

which is consistent with the X-ray di�raction results (Fig. 3.5). The observed modes

were shifted towards the lower frequency side as the concentration of Dy increases (Fig.
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Figure 3.5: Room temperature Raman spectra (open circle) for Ca3�xDyxCo2O6 (x
= 0, 0.1, 0.2, and 0.3). Solid green, violet, black, and sky-blue lines correspond to the

individual Lorentzian �tting, and the red dashed line is their sum.

3.5). Mode frequency depends on force constant and ionic mass, and is proportional to

(k/µ)1/2, where k is the force constant and µ is the reduced mass. The force constant

decreases due to the increase in the lattice constant `c' and cell volume (V ) for the

Dy doped samples (Table 3.1). Irrespective of the force constant, the reduced mass (µ)

increases due to the heavier atomic weight of the Dy3+ ion. So, the mode frequency

decreases due to the combination of both.

3.2.3 XPS analysis

Structural analysis of the prepared samples using X-ray di�raction data strongly sug-

gested the reduction in the oxidation state of Co ions. Therefore, to clarify it, the Co 2p

core-levels of the prepared samples have been studied using X-ray photoelectron spec-

troscopy. Fig. 3.6(a) shows the survey spectra of the parent compound, which con�rms
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Figure 3.6: XPS results for Ca3�xDyxCo2O6 (x = 0.0, 0.2, and 0.3) (a) survey spectra
for Ca3Co2O6, which shows the presence of Ca, Co, and O atoms. Deconvoluted results
of Co2p1/2 and Co2p3/2 for samples with (b) x = 0, (c) x = 0.2, and (d) x = 0.3.

the presence of constituent atoms (Ca, Co, and O). The broad asymmetric peaks corre-

sponding to Co 2p core-levels con�rm the mixed valence of Co ions (Figs. 3.6(b), (c), and

(d)). For all the compositions, the Co 2p core-levels were deconvoluted into two peaks of

2p1/2 (795.82 and 797.93 eV), two peaks of 2p3/2 (780.63 and 782.26 eV), and two weak

satellite peaks (786.54 and 803.65 eV). The peaks of 2p1/2 and 2p3/2 at 795.82 and 780.63

eV, respectively, are attributed to the existence of Co3+ (S = 2) ion, while the peaks of

2p1/2 and 2p3/2 at 797.93 and 782.26 eV, respectively, is attributed to the existence of

Co2+ (S = 3/2) ion. Both experimental and theoretical studies for the parent compound

suggested trivalent states for Co ions at the octahedral and trigonal prism sites; how-

ever, the peak corresponding to Co2+ ions is due to the oxygen non-stoichiometry arising

during sample preparation [206]. The area under each peak was taken to calculate the

percentage of Co3+ and Co2+ ions, and the estimated content is given in Table 3.2. It

is important to note that the area under deconvoluted �tting curves of Co3+ and Co2+
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indicates that the percentage of Co2+ ions increases with an increase in Dy concentra-

tion. Thus, the observed XPS results corroborate the experimental �nding from X-ray

di�raction data.

3.2.4 Temperature variation of magnetization

Magnetization as a function of temperature is measured under both zero �eld cooled and

�eld cooled conditions in an applied magnetic �eld of 1000 Oe. Fig. 3.7 shows the M-T

curves for Ca3�xDyxCo2O6 (x = 0, 0.1, 0.2, and 0.3). As seen from Fig. 3.7, the ZFC-

FC magnetization curves takes an upturn below 25 K. The slope of the upturn decreases

with the increase in Dy concentration, and it gets smoothed for x = 0.3 sample. In the

ZFC curves, the magnetization attains a maximum for x = 0, 0.1, and 0.2 samples while

the peak gets diminished for x = 0.3 sample. On the other hand, the FC magnetization

increases continuously with decreasing temperature. It is hard to identify the transition

temperatures directly from the ZFC curve, so we did the temperature derivative of ZFC

magnetization data (inset Fig. 3.7). For parent compound, the dM
dT is constant before

reaching the �rst transition at 25 K due to magnetic ordering (inset Fig. 3.7(a)). It is

a transition from paramagnetic to an incommensurate amplitude-modulated PDA state,

and the transition temperature is denoted by T c1 [30]. The magnetization increases

sharply below T c1, and the M-T ZFC-FC curves split up at around 16 K. It is called

splitting temperature, marked by T * (Fig. 3.7(a)). The bifurcation of the ZFC-FC

curves is a signature of an irreversibility phenomenon occurring in glasses. However, in

contrast to the spin-glasses, where this irreversibility feature generally occurs below the

cusp of the transition, here, the splitting occurs relatively away from the two transition

temperatures. Interestingly, the ZFC curve attains a maximum below T *, and the

system again enters into a disordered glassy state [25, 85, 91]. We have identi�ed the

transition temperature from dM
dT vs. T plot where the derivative becomes zero, and it

is denoted by T c2. The observed values of T c1 and T c2 (Table 3.2) are consistent with

the earlier reported value [28, 85]. Like the parent compound, we have identi�ed the

transition temperatures T c1 and T c2 for Dy doped samples by the same process (inset

Fig. 3.7(b)). The transition temperatures T c1 and T c2 shift to the low-temperature

side with Dy content (Table 3.2). The decrease in T c2 suggests that the glassy behavior
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Figure 3.7: DC magnetization vs. temperature curve of Ca3�xDyxCo2O6 (x = 0, 0.1,
0.2, and 0.3) in an applied magnetic �eld of 1000 Oe under ZFC (black line) and FC

(red line) condition. Inset shows the dM
dT vs. temperature plot.

is gradually suppressed with Dy concentration, and to understand its dynamics, the

temperature-dependent magnetic relaxation below T c2 is necessary.

Fig. 3.8 depicts the inverse susceptibility behavior for Ca2.7Dy0.3Co2O6. The DC sus-

ceptibility in the paramagnetic region (175 K � 300 K) obeys the Curie-Weiss law,

χ =
Cmol
T � θ

(3.1)

where Cmol is molar Curie constant, and θ is Curie-Weiss temperature. The e�ective

magnetic moment (µe�) was calculated by using the relation µe� = (3CmolkB/NAµ
2
B)

1/2,

where kB is the Boltzmann constant, and NA is the Avogadro number. Table 3.2 contains

the value of e�ective magnetic moment (µe�) and Curie temperature (θ) for all samples.

For the parent compound, the value of µe� = 5.6 µB and θ = 31 K are consistent with

the earlier reported value [28]. The Lande g-factor was calculated from these results,

and the `g ' value comes out to be 2.3. Large value of `g ' is mainly due to the highly

TH-3248_176121101



Chapter 3: Ca3�xDyxCo2O6: Evidence of Cluster-Glass-like Freezing 82

Figure 3.8: The inverse susceptibility vs. temperature data (open circle) �tted to
the Curie-Weiss law (red line) for Ca2.7Dy0.3Co2O6. Inset shows the MFC - M ZFC vs.

temperature curves for x = 0 and 0.2 samples.

anisotropic magnetic character and a possible reason for the strong Ising-like property

of Co spins [18, 82, 202]. Inset Fig. 3.8 shows the di�erence between magnetizations

measured under �eld cooled condition (MFC) and zero �eld cooled condition (M ZFC) for

x = 0 and 0.2 samples in an applied magnetic �eld of 1000 Oe and 5000 Oe, respectively.

The di�erence between the magnetizations MFC and M ZFC increases and attains a

maximum at 16 K (T *). Below this, there is a dip in the curve, and then it increases

continuously. Generally, the deviation between MFC and M ZFC changes monotonically

if the metastable states do not occur in any of the branches. Hence such an e�ect of

the di�erence reaching a maximum value indicates the non-equilibrium nature of the

magnetic properties in this region, which is later on studied through the relaxation

measurements. The non-equilibrium magnetization is a result of the strong anisotropic

nature of the spin structures in this system [207].

The e�ective magnetic moment increases continuously with the concentration of Dy due
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Table 3.2: Percentage of Co3+ and Co2+ ion in Ca3�xDyxCo2O6. The value of tran-
sition temperatures (T c1 and T c2), Curie temperature (θ), e�ective magnetic moment
(µe�), µe�(cal), critical �eld (H c), relaxation time (τ), and critical exponent (n) for

Ca3�xDyxCo2O6.

x
Co3+

(%)

Co2+

(%)

T c1

(K)

T c2

(K)

θ

(K)

µe�

(µB)

µe�(cal)

(µB)

H c

(T)

τ

(sec)
n

0 94.9 5.1 25 9.1 31 5.6 5.6 3.4 1366 0.52

0.1 81 19 23 7.8 25 6.6 6.5 3.2 1043 0.54

0.2 71.4 28.6 20 5.3 14 7.5 7.2 3 680 0.56

0.3 69 31 18 4.5 2 8.5 7.9 2.8 512 0.62

to the combined e�ect of the large paramagnetic moment of Dy and the mixture of Co3+

(S = 2) and Co2+ (S = 3/2) spins [118]. The value of the calculated e�ective magnetic

moment (µe�(cal)) is given by

µe�(cal) =

√
xg2J(J+ 1) + 2.32

(
x× 3

2
× 5

2
+ (1 � x)× 2× 3

)
(3.2)

where x is the doping concentration of Dy3+ ion, and J is the total angular momentum

quantum number. Table 3.2 contains the µe�(cal) for all the samples. There is a good

match between the experimentally determined value of µe� and the calculated value

µe�(cal) for x = 0.1 sample. However, higher experimental value of µe� is observed

for x = 0.2 and 0.3 samples. The µe� for all the compositions was estimated using

the calculated value of g = 2.3, which is derived from the experimental data of the

parent compound. Our results suggested that the x = 0.1 compound exhibits similar

features as the parent compound with the value of g = 2.3; however, the results for

x = 0.2 and 0.3 samples are considerably di�erent (higher) from that for the parent

compound. Therefore, the possible reasons for the large di�erence between estimated

and calculated data are large magnetic anisotropy and partial quenching of the orbital

moment of Co3+ ion. The θ decreases from 31 K for the parent compound to 2 K for

x = 0.3 doped samples (Table 3.2). The decrease in the `θ' value is mainly due to the

reduced ferromagnetic coupling along the c-axis. Thus, the substitution of Dy suppresses

the Ising ferromagnetic character of the compound by introducing the antiferromagnetic
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Figure 3.9: Isothermal M-H curves at temperature T = 6 K (red), and 10 K (green)
for Ca3�xDyxCo2O6 (x = 0, 0.1, 0.2, and 0.3). The inset shows the enlarged view of
the �rst quadrant M-H curves for both �eld increasing and decreasing branches, and at

the bottom, the full cycle M-H at 3 K is plotted.

coupling of induced Co2+ ions with the Co3+(HS) ions.

3.2.5 Field dependence of magnetization

Fig. 3.9 shows the M-H curves of Ca3�xDyxCo2O6 (x = 0, 0.1, 0.2, and 0.3) measured

at various temperatures. To explain the magnetization process in the samples, the �rst

quadrant M-H curve for both �eld increasing and decreasing branches are included in

the inset Fig. 3.9. It can be seen from the inset Fig. 3.9(a) that the magnetization curve

for the parent compound at 10 K increases sharply at low �elds (H < 1 T) and tends to

saturate with the increase in �eld, characterizing the ferrimagnetic ground state of the

compound [85, 200]. Further increase in the magnetic �eld leads to a transition from

ferrimagnetic to ferromagnetic state [199�201]. The transition �eld is called critical �eld
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Figure 3.10:
M↓↑(atH=0)
M↓↑(atH=H*)

vs. temperature curve for Ca3�xDyxCo2O6 (x = 0, 0.1,

and 0.2). Inset shows the M ↓↑ vs. magnetic �eld plot for the parent compound at 10
K.

H c, above which the magnetization increases, followed by hysteresis in the demagneti-

zation process. A sharp rise in magnetization accompanied by hysteresis is attributed

to the �rst-order phase transition. At 10 K and 6 K, the M-H curves exhibit similar

features (Fig. 3.9(a)). The M-H curve changes its shape drastically at 3 K and attains a

large hysteresis (inset Fig. 3.9(a)). Inset Figs. 3.9(b), (c), and (d) contains the enlarged

view of the �rst-quadrant M-H for both �eld increasing and decreasing branches of Dy

doped samples at 6 K. In the low-�eld region (H < 1 T), the magnetization rises more

sharply than the parent compound, but it doesn't tend to saturate. In addition, the

essential H c to induce the ferrimagnetic to ferromagnetic transition decreases as the Dy

concentration increases (Table 3.2). The decrease in H c indicates the weakening of the

intra-chain ferromagnetic interaction with Dy substitutions. Another notable feature is

that the M-H curve at 3 K became less hysteric for Dy doped samples (inset Figs. 3.9(b),

(c), and (d)).
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In order to analyze this complex magnetic behavior, we have calculated the di�erence

between magnetization for ramping down (+9T to -9T) (M ↓) and ramping up (-9T

to +9T) cycles (M ↑). Inset Fig. 3.10 depicts the variation in M ↓ - M ↑ (M ↓↑) with

magnetic �eld for the parent compound at 10 K. This di�erence is proportional to the

remanent magnetization at H = 0 if there was a single ferromagnetic like transition.

However, the ferromagnetic transition for this sample lies at a non-zero magnetic �eld

(H = H c). So, it is obvious that the di�erence (M ↓↑) at H = H c should replicate the

remanent magnetization of this ferromagnetic transition. We observed from the inset

Fig. 3.10 that the di�erence (M ↓↑) picks up at H *, which is very close to the value

of the transition �eld (H c). Hence the value of M ↓↑ at H = H * is proportional to

the remanent magnetization of this transition, along with the conventional remanent

magnetization M ↓↑ (at H = 0) marked in Fig. 3.10. It will be informative if we compare

the remanent magnetization for these two transitions by taking a ratio as
M↓↑(atH=0)

M↓↑(atH=H
*)
.

In the main panel of Fig. 3.10, we have plotted the
M↓↑(atH=0)

M↓↑(atH=H
*)

with temperature for

all the samples. We observed that this ratio increases monotonically as a function of

temperature. This implies that the metastability e�ects at higher temperatures for the

in-�eld transition (H c) decreases faster compared to that of the ferrimagnetic transition

at H = 0.

Similar to the analysis which we have performed using M ↓↑ for constant H, we have tried

to look for |H↓ � H↑| (|H↑↓|) for constant values of magnetization (M ). In the hysteretic

region, there are two values of applied magnetic �eld (H ↓ and H ↑) for each value of

constant magnetization (M ). The di�erence (|H↑↓|) indicates the softness or hardness of

a ferromagnetic material around H = 0. For a highly anisotropic ferromagnetic material,

this |H↑↓| also provides us information about the strength of anisotropy [39]. Inset Fig.

3.11 is a plot of |H↑↓| as a function of the applied magnetic �eld (H ). The applied

magnetic �eld corresponding to the maximum value of |H↑↓| is marked as H **. As |H↑↓|

is indicative of the strength of anisotropy, so for a ferromagnetic transition occurring at a

�nite �eld H c, the di�erence between H ** and H c will provide us the information about

the softness or hardness of the material. The main panel of Fig. 3.11 is a plot of the

di�erence between the transition �eld H c and H ** vs. temperature for all the samples.

As H c is almost constant for all the samples as a function of temperature so the decrease

TH-3248_176121101



Chapter 3: Ca3�xDyxCo2O6: Evidence of Cluster-Glass-like Freezing 87

Figure 3.11: Temperature dependence of H **-H c for Ca3�xDyxCo2O6 (x = 0, 0.1,
and 0.2). Inset shows the variation in |H↑↓| with magnetic �eld for the parent compound

at 10 K.

in the value of H ** - H c can be totally attributed to the value of H **. It indicates

the strength of the anisotropy associated with this transition decreases similarly with

the increase of temperature for all the samples, depicting that the substitution has little

e�ect on this phenomena.

In order to understand the spin contribution below and above H c, the virgin curves at

various temperatures (Fig. 3.12) were �tted to the Curie�Brillouin law,

M = NgJµBBJ(x). (3.3)

Here N is the number of atoms per unit volume, µB is Bohr magneton, and BJ(x) is the

Brillouin function given by,

BJ(x) =
[
2J+ 1
2J

coth
(
2J+ 1
2J

x

)
�

1
2J

coth
(

1
2J
x

)]
(3.4)
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Figure 3.12: Curie�Brillouin law �tting (solid line) in the isothermal M-H curves
(open circle) obtained at temperature T = 3 K, 6 K, and 10 K for Ca3�xDyxCo2O6 (x
= 0, 0.1, and 0.2). The dashed line divides the M-H curve into two regions (i) H < H c

(ii) H > H c.

where x = gJµB(H+λM)
kBT

and λ is the mean �eld coe�cient. Using the expansion coth(y)

= 1
y + y

3 - y3
45 , the magnetization can be written as [208]

M =

 H

αβγ
+

√
H2

4(αβγ)2
+

1
27

(
1

αβγ
�
1
β

)3
1
3

�


(

1
αβγ �

1
β

)
3

[
H
αβγ +

√
H2

4(αβγ)2 +
1
27

(
1

αβγ �
1
β

)3] 13


(3.5)
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where α = N(gµB)
2(J2+J)

3kBT
and β =

(gµB)
2
(
J2+J+ 1

2

)
9(kBT)2

. In Fig. 3.12, the �rst-quadrant M-H

curves are divided into two regions. The regions (i) and (ii) correspond to H < H c and H

> H c, respectively. We have �tted two individual Brillouin functions in these regions to

obtain `J ' values. Eq. 3.5 �ts well in the experimental data for x = 0.1 and 0.2 samples

due to the large paramagnetic moment of Dy, while it deviates for the parent compound

because of the presence of strong coupling between spins. The obtained `J ' values are 1
2

and 3
2 for the region (i) and (ii), respectively. The jump in the `J ' value

(
1
2 →

3
2

)
is not

unusual, which will be explained later in the discussion.

3.2.6 Magnetic dynamics

The dynamics of Ca3�xDyxCo2O6 (x = 0, 0.1, 0.2, and 0.3) samples were studied through

ZFC magnetic relaxation measurements. In this process, the samples were cooled from

room temperature to the desired temperature (T < T c2) in the absence of an external

magnetic �eld. The samples were magnetized for a short-time (60 sec) in an external

magnetic �eld of 9 T, and then external magnetic �eld was switched o�, and the decay in

the remanent magnetization was measured with time for 10,000 sec. Usually, for the long

ranged ordered systems, the remanent magnetization remains independent of time. The

prolonged decay in the magnetization should be attributed to the glassy feature. Thus,

the time response of DC magnetization is important to reveal the spin dynamics of the

glassy system. Fig. 3.13 depicts the magnetic relaxation behavior of Ca3�xDyxCo2O6

(x = 0 and 0.1 ) measured at various temperatures. The observed logarithmic relaxation

behavior indicates the presence of a large number of intermediate anisotropic metastable

states due to the clusters of spins. The magnetization relaxes slowly at temperatures

T � T c2 while it saturates after a short-time-interval for temperatures close to the

T c2 (T = 8 K) (Fig. 3.13). Fig. 3.14 depicts the magnetic relaxation behavior of

both compounds around their T c2. The magnetization relaxes in a short-while and then

saturates for x = 0 and 0.1 samples at temperatures 10 K and 8 K, respectively. These

results suggested that the magnetic relaxation and glassy behavior are most prominent

for temperatures much below T c2.
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Figure 3.13: Remanent magnetization as a function of time (open circle) at temper-
atures T = 3 K to 8 K for Ca3�xDyxCo2O6 (a) x = 0 and (b) x = 0.1. The solid line

corresponds to the �tted data in Eq. 3.6.

In the glassy systems, the time dependence of magnetization can be described by stretched

exponential relaxation function [131, 195],

M = M0 +M1 exp

[
�
(
t

τ

)1�n]
(3.6)

where M 0, M 1, τ , and n are spontaneous magnetization, glassy component, relaxation

TH-3248_176121101



Chapter 3: Ca3�xDyxCo2O6: Evidence of Cluster-Glass-like Freezing 91

Figure 3.14: Magnetization relaxation curve at respective temperature for Ca3Co2O6
(black open circle) and Ca2.9Dy0.1Co2O6 (red open circle) samples.

time, and critical exponent, respectively. The relaxation time (τ) and the critical expo-

nent (n) are associated with the relaxation rate. For n = 0, the magnetization relaxes

exponentially, and if n = 1, there is no relaxation. The magnetic relaxation curves for

both compounds (Fig. 3.13) were �tted to Eq. 3.6 by varying the parameter M 0, M 1,

τ , and n, and the �tted parameters have been tabulated in Table 3.3. A slight devia-

tion from the �tted data was observed up to 100 sec. As the glassy feature gradually

suppressed with temperature, the increased value of n and decreased value of τ with

temperature supports this result (Table 3.3). The thermal activation energy releases

the energy barrier, which a�ects the glassy feature, and the magnetization relaxes back

quickly [131].

The dynamics of prolonged relaxation in this system was studied using the stretched

exponential relaxation function. However, the origin of extremely slow relaxation remains

unclear because both conventional glass and interacting spin-clusters might give rise

to this feature. To elucidate this, we use the Vogel-Fulcher model of relaxation for

interacting spin-clusters with uniaxial anisotropy, where the dynamical behavior is not
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Table 3.3: The �tted parameters: spontaneous magnetization (M 0), glassy com-
ponent (M 1), relaxation time (τ), and critical exponent (n) obtained by �tting
the magnetic relaxation data at temperature T = 3 K to 8 K for Ca3Co2O6 and

Ca2.9Dy0.1Co2O6 in Eq. 3.6.

T x = 0 x = 0.1

(K) M 0 M 1 τ n M 0 M 1 τ n

(µB/f.u.) (µB/f.u.) (sec) (µB/f.u.) (µB/f.u.) (sec)

3 0.117 0.16 1366 0.52 0.058 0.20 1043 0.54

4 0.006 0.19 708 0.55 0.010 0.14 489 0.55

5 0.007 0.16 313 0.56 0.007 0.10 198 0.56

6 0.004 0.09 113 0.57 0.004 0.06 67 0.56

7 0.002 0.06 53 0.57 0.002 0.03 38 0.57

8 0.001 0.04 34 0.58 0.001 0.01 27 0.58

only due to the spin-�ip but also from the interacting short-range magnetic clusters. The

Vogel-Fulcher equation for relaxation time is

τ = τ0 exp
[

TA
T � T0

]
(3.7)

where τ0 is an activation time, TA = EA/kB is an activation temperature, and T 0 is

the Vogel-Fulcher temperature [54, 209]. For T 0 = 0 K, Eq. 3.7 converts to well known

Arrhenius law, which is applicable for non-interacting magnetic entities. The activation

temperature (TA) de�nes potential barrier required separates to adjacent clusters in

terms of activation energy (EA). For temperatures between 3 K and 8 K, τ lies in the

range of 1400 to 20 sec (Table 3.3). Fig. 3.15 depicts the temperature dependency of

relaxation time (τ) for both x = 0 and x = 0.1 compounds. It is �tted to Eq. 3.7 by

varying τ0, TA, and T 0. The �tted parameters are listed in Table 3.4 (Fig. 3.15). A

non-zero value of T 0, 10.8 K and 9.3 K for x = 0 and 0.1 samples, respectively, con�rms

the presence of inter-cluster interaction and makes the system di�erent from conventional

glass. The decreased value of T 0 for x = 0.1 sample is also in good agreement with glassy

transition temperature (T c2) obtained from the DC M-T curves (Fig. 3.7). The obtained

values of τ0 for x = 0 and 0.1 samples are 5.5×104 and 3.4×104 sec, respectively, and it

can be considered the limit of relaxation. Interestingly, the cluster separation parameter
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Figure 3.15: The relaxation time (τ) vs. temperature plot (open circle) for both (a)
Ca3Co2O6 and (b) Ca2.9Dy0.1Co2O6. The red solid line is �tted data in Eq. 3.7.

TA decreases from 26 K for parent compound to 21 K for x = 0.1 sample. It suggests

that these samples exhibit slow dynamics due to the formation of cluster-glass state, and

with Dy substitution, this property is reduced.

Similar to the Vogel-Fulcher equation for relaxation time, the same model can be used to

�t another parameter (∆M ) obtained from the relaxation data for x = 0 and 0.1 samples

at various temperatures. The ∆M is de�ned as the total drop in the magnetization after

the relaxation for 10,000 sec (M t=0sec � M t=10,000sec). The Vogel-Fulcher equation for

∆M is

∆M = MA exp
[

TA
T � T0

]
(3.8)

where MA is the limiting value of ∆M, and the rest of the parameters TA and T 0 are
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Figure 3.16: The ∆M vs. temperature plot (open circle) for both (a) Ca3Co2O6 and
(b) Ca2.9Dy0.1Co2O6. The red solid line is �tted data in Eq. 3.8.

the same as in Eq. 3.7. Fig. 3.16 shows the variation in ∆M with temperature for both

x = 0 and 0.1 samples. It is �tted to Eq. 3.8, and the obtained parameters MA, TA,

and T 0 are given in Table 3.4. The limiting parameter MA increases from 0.31 for the

parent compound to 0.39 for x = 0.1 sample. Large value of `MA' for x = 0.1 sample

indicates the drop in the magnetization is more for a �xed time-interval than the parent

compound. The obtained value of T 0 = 10.3 K and 9.4 K for x = 0 and 0.1 samples,

respectively, are consistent with the Vogel-Fulcher equation �tting for relaxation time

(τ); however, the TA values are di�erent (Table 3.4).

To make a comparative study of the dynamic behavior, the magnetic relaxation of x = 0.2

and 0.3 samples were also performed by the same procedure as for x = 0 and 0.1 samples.
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Table 3.4: The value of activation time (τ0), activation temperature (TA), Vogel-
Fulcher temperature (T 0), and the limiting value of ∆M (MA) used in the �tting of
relaxation time (τ) and ∆M (µB/f.u.) for Ca3Co2O6 and Ca2.9Dy0.1Co2O6 to Vogel-

Fulcher equations.

Relaxation time (τ) ∆M (µB/f.u.)

x τ0×104 TA T 0 MA TA T 0

(sec) (K) (K) (µB/f.u.) (K) (K)

0 5.5 26 10.8 0.31 4.3 10.3

0.1 3.4 21 9.3 0.39 3.6 9.4

Figure 3.17: Remanent magnetization vs. time plot for Ca3�xDyxCo2O6 (x = 0, 0.1,
0.2, and 0.3) at temperature T = 3 K. The solid line corresponds to the �tted data in

Eq. 3.6.

Fig. 3.17 depicts the relaxation behavior of Ca3�xDyxCo2O6 (x = 0, 0.1, 0.2, and 0.3)

at 3 K. The remanent magnetization drops approximately 1/2, 1/3, 1/4, and 1/5 of its

initial value (Mt=0sec) after 10,000 sec for x = 0, 0.1, 0.2, and 0.3 samples, respectively.

Fast relaxation of remanent magnetization corresponds to reduced glassy features due

to Dy substitution. To explain the time dependence of remanent magnetization, the

relaxation data were �tted to Eq. 3.6 (Fig. 3.17). The �tted parameters n and τ are
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given in Table 3.2. As expected due to the weakening of glassy behavior for the Dy

doped compounds, the n increases while τ decreases (Table 3.2).

3.3 Discussion

In the 1D chain of Ca3Co2O6, the Co ions along the chain are coupled through a strong

ferromagnetic interaction while the inter-chain antiferromagnetic coupling is relatively

weak. Here we are substituting the Dy3+ ions in the replacement of Ca2+ ions, which

have an ionic radius lower than the Ca2+ ions. It is found that with the substitution of

Dy in this system, the intra-chain separation of magnetic ions increases while their inter-

chain separation decreases, which leads to reduced strength of ferromagnetic coupling

along the chain. Furthermore, the super-exchange antiferromagnetic interaction path

(Co2-O-Co2) for inter-chain Co2 ions in Dy substituted compound is comparatively

much smaller than that for the parent Ca3Co2O6. In addition to it, the magnetic Dy3+

ions present in between the chain also provide a much shorter path (Co2-O-Dy) for

the negative super-exchange interaction. The magnetization results for the series of

Ca3�xDyxCo2O6 samples corroborate these �ndings.

It is evident from the M-T ZFC-FC results that the Dy substitution has a great in�uence

on the magnetic properties of the system (Fig. 3.7). The magnetic ordering tempera-

ture (T c1) and glassy transition temperature (T c2) decreases with Dy concentration,

and the glassy feature gets suppressed for x = 0.3 sample (Table 3.2). As mentioned

in the literature, the glassy behavior is highly frustration related, which arises from the

competitive ferromagnetic (intra-chain) and antiferromagnetic (inter-chain) coupling in

the compound [28, 201, 202]. The ferromagnetic coupling originates from the overlap of

dz2 orbitals of intra-chain Co3+(HS) ions located at the trigonal prism site. Thus, the

separation between magnetic ions along the chain has a large impact on this interaction.

From the analysis of X-ray di�raction data (Table 3.1), it was found that, as we increase

the Dy concentration, the c-axis gets enhanced. The enhancement of the c-axis leads

to an increase in the intra-chain Co1-Co2 bond length, and as the bond-length increases

(Table 3.1), it reduces the overlap in the dz2 orbitals of intra-chain Co
3+(HS) ions. Thus,

the intra-chain ferromagnetic coupling along the c-axis gets weakened with Dy content.
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In addition, the induced Co2+ ions due to the substitution of Dy3+ ions coupled anti-

ferromagnetically with the Co3+(HS) ions through a super-exchange antiferromagnetic

interaction, and the strength of the interaction increases with Dy concentration [118].

As the intra-chain ferromagnetic coupling decreases and inter-chain antiferromagnetic

interaction increases with Dy content, the size of magnetic clusters forming a frozen spin

state gradually reduces, and hence the glassy features get suppressed. The considerable

reduction in the θ for Dy doped samples also indicates the weakening of ferromagnetic

character (Table 3.2). However, the positive value of θ for all the samples suggests that

the ferromagnetic contribution is still dominant. Thus, we can say that the Dy-doped

samples have glassy characteristics with weak ferromagnetic behavior.

We have seen clear evidence of large anisotropy in these samples by analyzing the M-H

curves. At su�ciently low temperatures (T � T c2), the anisotropy energy overcomes

the Zeeman energy resulting in a complex hysteresis (inset Fig. 3.9). It is also noted from

the Brillouin function analysis that the anisotropy e�ects re�ect on the spin con�guration

of the system. Generally, for the Co3+ ion in trigonal prism environment, the energy

orbital splits accordingly dz2 < dx2�y2 = dxy < dxz = dyz. Since the lower three orbitals

are close to each other, the crystal �eld e�ect may alter their splitting, and there might

be the possibility of modi�cation in the ground state. In a recent report, it was found

that the dxy orbital occupies the lowest energy [83]. So we have concluded our Brillouin

function �tting data from these results (Fig. 3.12). For the region H < H c, only the

lowest energy orbital (dxy or dz2) is aligned, and we get the contribution J = 1
2 . In the

region H > H c, the rest of the orbitals are also aligned due to spin-�ip, and we get J =

3
2 .

Slow decay of remanent magnetization for x = 0 and 0.1 samples (Fig. 3.13) con�rms

the presence of intermediate anisotropic metastable states. It is found that with a tem-

perature above 10 K and 8 K for x = 0 and 0.1 samples, respectively, the glassy behavior

gets suppressed (Fig. 3.14). The stretched exponential relaxation function (Eq. 3.6) was

used to describe the time dependency of remanent magnetization. The �tted parameters

n and τ strongly support the suppression of glassy feature with temperature (Table 3.3).

At high temperatures, the thermal activation energy releases the energy barrier required

to trap the system in intermediate metastable states [131], and the magnetization relaxes
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in quick time. As we decrease the temperature, the magnetization relaxes slowly due to

the formation of a frozen spin-state. The signi�cant e�ect of the glassy feature is seen

below 5 K (Fig. 3.13).

The Vogel-Fulcher equation helps us to get meaningful results from the temperature-

dependent relaxation measurements for x = 0 and 0.1 samples. The release of thermal

activation energy due to the drop in TA for x = 0.1 sample decreases the potential

energy barrier required to separate the adjacent clusters, and the frozen spin state starts

suppressing (Table 3.4). Activation time τ0 in Eq. 3.7 sets a limit on relaxation time.

The decrease in τ0 for x = 0.1 sample indicates the magnetization relaxes for a shorter

time as compared to the parent compound (Table 3.4). The matched value of T 0 (Table

3.4) with T c2 (Table 3.2) for x = 0 and 0.1 samples is an excellent agreement on the

validity of this model for the cluster-glass system, and the �tted parameter strongly

supports the suppression of glassy behavior with Dy substitution.

3.4 Conclusion

We have prepared polycrystalline samples of Ca3�xDyxCo2O6 (x=0, 0.1, 0.2, and 0.3)

by solid-state reaction method. The Rietveld re�nement of X-ray di�raction data con-

�rms the single-phase formation, and the compound crystallizes in the rhombohedral

structure with space group R3̄c. The DC magnetization and magnetic relaxation mea-

surements were performed to illustrate the magnetic properties and spin dynamics of

the system. M-T ZFC-FC data revealed that the system undergoes paramagnetic to an

incommensurate amplitude-modulated PDA state (T c1), followed by a glassy transition

(T c2). The magnetic properties were found to be sensitive to Dy substitution due to

which the transition temperatures T c1 and T c2 decreases, and the glassy behavior grad-

ually suppressed with Dy concentration. The higher experimental value of µe� for Dy

doped samples indicates the strong anisotropic magnetic character identi�ed from the

non-equilibrium nature of magnetic properties. M-H curves depict the nature of in-�eld

transition at H c to be of �rst-order, and the spin contribution below and above the H c

were obtained from Curie�Brillouin law. Magnetic relaxation measurements con�rm the

presence of intermediate anisotropic metastable states due to spin-freezing phenomena.
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Interestingly, the Vogel-Fulcher model provides evidence for this state to be formed from

cluster of spins rather than a single spin.
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Chapter 4

Ca3Co2�xMgxO6: Spin-state

transition of Co ion
(
S = 2→ S =

5

2

)

Investigation of complicated magnetic structures and quantum magnetic phenom-

ena in reduced spatial dimensions of spin interactions is an advanced �eld of research in

magnetism. In systems with reduced dimensionality, the interplay of competing inter-

action, quantum �uctuation, and unusual spin give rise to various fascinating magnetic

phenomena such as several quantum phases in CoNb2O6, magnetic �eld dependent spin

density wave order in BaCo2V2O8, and 1/3 saturation plateau in Ca3Co2O6 [7, 15, 33].

In some low-dimensional systems, the magnetic ordering temperature is shifted to very

low temperatures, and they acquire exotic in-�eld behavior, such as short-range glassy

features and step-like transitions in magnetization [108, 210�212].

Chapter 3 clears that Ca3Co2O6 is a magnetically rich compound, and the magnetic

structure of the system can be signi�cantly in�uenced by the substitution of magnetic

ions so that the generality of the system is gradually suppressed. Therefore, it became

essential to tune and analyze the peculiar features of this pseudo-1D system while main-

taining the characteristic features of the system. However, the observed magnetization

behavior of the system suggested that the magnetic dopant has a large impact on the

101
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intra-chain and inter-chain interactions, and the latter dominates over the former with

the content of Dy. It releases the anisotropic energy barrier required to form the inter-

mediate metastable states, and thus the puzzling features of the system are disappeared

with the content of magnetic dopant. Other reports also suggested similar such fea-

tures in the magnetic properties of the system when diluted with the magnetic ions

[109, 118, 123�125, 131�133]. Therefore, it is clear that, so far, no e�ort has been given

to prevent the 1D character of the compound with doping content. It motivated us to

thoroughly understand the non-magnetic ions substitution e�ect in the net magnetism

of the system that may have little in�uence on the intra-chain and inter-chain interac-

tions. In addition, several reports are available for other compounds where substituting

an appropriate non-magnetic ion in the replacement of a magnetic ion leads to frustra-

tion and exotic features in the magnetic properties [213, 214]. Considering these ideas,

substituting a suitable non-magnetic ion of lower valence may open an additional degree

of freedom with the possibility of spin-state transition for Co3+ ion to tune the magnetic

structure. We have chosen Mg2+ ions, which are most likely to prefer magnetic Co2

site because of ionic radius matching with the possibility of creating a hole-like Fermi

surface. We primarily embarked on the combined experimental and theoretical studies

of this system, aimed at reduced dimensionality e�ects and pinning down the Fermi level

by Mg substitution.

In this chapter, we discovered spin-state transition
(
S = 2→ S = 5

2

)
of Co ions due

to Mg substitution in the Ca3Co2O6 apparent in the magnetic susceptibility, XPS, and

�rst-principles study. We also examine the e�ect of Mg substitution on the magnetic and

electronic structure of Ca3Co2O6 by �rst-principles calculations. It involves generalized

gradient approximation with Coulomb interaction (U ) in exchange-correlation energy

functional. Our study shows a reasonable agreement between e�ective magnetic moment

determined from the Curie�Weiss �t with that from the XPS analysis and �rst-principles

calculations study. The obtained results have shown unusual enhancement in magnetic

moment due to non-magnetic ion substitution, which is further con�rmed by DFT study.

We also demonstrated that the step-like transitions, which is a characteristic feature of

this one-dimensional system is very robust and is not a�ected with large Mg substitution.

We have attributed the decrease in positive intra-chain exchange interaction constant
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(J 1/kB) to the antiferromagnetically coupled induced Co4+ ions
(
S = 5

2

)
arising from

the Mg2+ ions substitution. The in-�eld metamagnetic transitions in the isothermal M-H

curves below the critical �eld have been accurately mapped and successfully explained by

the change in magnetic entropy (∆S ) calculations and Arrott plots. Electronic structure

study reveals hole-type doping of Mg atom and the Fermi level shifts below. Density

of state and band structure calculation indicates strong hybridization between partial

states of Co-3d and O-2p orbitals for the Mg-doped compound, due to which the band

crossing at Fermi level is observed, and a hole-type Fermi surface is formed.

4.1 Experimental Details

Bulk samples of polycrystalline Ca3Co2�xMgxO6 (x = 0.05, 0.1, 0.15, and 0.2) were syn-

thesized by the standard solid-state reaction method. The high purity reagents CaCO3,

Co3O4, and MgO in stoichiometric proportions were mixed using an agate mortar pestle

until homogeneous mixtures were obtained. These mixtures were initially calcined at

900 ◦C for 24 h and then pressed in the form of cylindrical pellets. The pressed pellets

were sintered at 1000 ◦C for 48 h.

The phase purity of these compounds was investigated using Rigaku X-ray di�ractometer

(TTRAX III) with a Cu-Kα (λ = 1.5406 Å) source over the scattering angle (2θ) range of

10◦-80◦. The chemical composition of samples was analyzed by ESCALAB Xi+ (Thermo

Fisher) X-ray photoelectron spectroscopy instrument. Magnetic measurements of these

compounds were carried out using vibrating sample magnetometer mode in Quantum

Design made physical property measurement system. Two di�erent protocols named

zero �eld cooled and �eld cooled were followed for magnetic characterization. In the

ZFC condition, the samples were cooled from 300 K to base temperature (2 K) without

applying external magnetic �eld. After stabilizing the temperature at 2 K, the external

magnetic �eld was switched on, and the data were taken from 2 K to 300 K in warming

up cycle. In the FC condition, the samples were cooled (300 K to 2 K) under the same

applied magnetic �eld used in ZFC measurements, and after stabilizing the temperature

at 2 K, the magnetization data were taken while warming the samples from 2 K to 300

K.
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4.2 Computational Details

The electronic structures of Ca3Co2�xMgxO6 are calculated with the projector aug-

mented wave method used within the DFT as implemented in the Vienna ab initio

simulation package [161, 163, 215�217]. The Perdew-Burke-Ernzerhof function is used

to account for the exchange-correlation energy in electron interaction [174]. A supercell

of Ca3Co2O6 having 66 atoms (18 Ca, 12 Co, and 36 O) is prepared for this work. Out

of the twelve Co atoms, six atoms are in the low-spin state (Co1), and the other six are

in the high-spin state (Co2). These calculations have been done by selecting structural

parameters from Rietveld re�nement of X-ray di�raction data. For the calculation of

Mg-doped samples, the Co atoms were replaced from the Co2 site by Mg atoms. The

exchange-correlation potential is treated by the combination of generalized gradient ap-

proximation and the method by Dudarev et al. [180]. The self-consistency runs were

performed over a 4Ö4Ö4 Monkhorst-Pack k -point mesh in the irreducible Brillouin zone

with cut-o� energy of 600 eV, and it is considered to be converged when the total energy

reaches the convergence accuracy of 10�6 eV. In order to improve the calculation preci-

sion of properties, a dense k -point grid (6Ö6Ö6) is used for electronic density of states.

Tetrahedron method with Blöchl corrections was employed for performing the k -point

integration [218]. The Hund's coupling parameter (J ) and the strength of Coulomb

interaction (U ) for Co atoms were considered to be 0.0 eV and 2.0 eV, respectively.

Furthermore, the electronic band structure calculation was done using high-symmetry

k -points in the irreducible Brillouin zone.

4.3 Experimental Results

4.3.1 Structure

Powder XRD measurements were carried out on all the samples of Ca3Co2�xMgxO6 (x =

0.05, 0.1, 0.15, and 0.2) at room temperature. Rietveld re�nement method implemented

in the FullProf Suite software was used in the analysis of XRD data. Fig. 4.1 displays

the XRD patterns and the result of the Rietveld structural re�nement for all the samples.
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Rietveld re�nement analysis reveals that the Bragg re�ection obtained for these samples

was indexed to the rhombohedral phase with space group R3̄c. The re�nement showed

Figure 4.1: Rietveld re�ned XRD pattern of Ca3Co2�xMgxO6 (x = 0.05, 0.1, 0.15,
and 0.2) samples. The solid red and black vertical lines correspond to the calculated
data and position of Bragg peaks, respectively. The solid blue line stands for the

di�erence between observed and calculated data.

a good agreement between the observed and calculated patterns for all the samples. In

the Rhombohedral setting R3̄c, the Ca, Co1, Co2, and O were �xed at the 18e site (x,

0, 0.25), 6b site (0, 0, 0), 6a site (0, 0, 0.25), and 36f site (x, y, z ), respectively. The

re�ned site occupancies shown in Table 4.1 indicate that the Mg ions do not replace Co

ions in both the sites (Co1 or Co2) but prefer to choose the spin up site (6a), and the

site occupancy obtained from the re�nement for all the atoms were close to the expected

value. We did not observe any drastic change in the position coordinates of all the atoms

with the increasing Mg concentration. Furthermore, the re�nement results show only a

slight decrease in lattice parameters `a' and `c' with the doping content of Mg. Trials

have also been made to re�ne the XRD pattern by placing the Mg atoms on the 6b site,

but the occupancy of Mg is negative, indicating the di�culty of Mg atoms to occupy the

6b site.
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Figure 4.2: Polyhedral representation of CoO6 (a) trigonal prism (b) octahedra for
Ca3Co2�xMgxO6 (x = 0.05, 0.1, 0.15, and 0.2) samples.

Figure 4.3: EDS spectra for Ca3Co1.9Mg0.1O6 sample.

It is evident from the Rietveld re�nement results that the Mg ions successfully substituted

for the lattice site of Co2 ions without altering the structure in a signi�cant amount. So

now, it became important to look at the e�ect of Mg substitution in the 1D character of

the compound. The dimensionality in the spin-chain compound refers to the intra-chain

and inter-chain separation between magnetic ions. For the 1D character to appear in

the various property of the compound, the intra-chain separation between the magnetic

ions should be approximately half of the inter-chain separation. In order to examine the

1D character of the compound, the structural visualization and bond distance analysis

have been done using VESTA software. We have observed that the distance between the

two nearest Co ions along the chain (Co1-Co2) and between the chain (Co2-Co2) are
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Table 4.1: Atomic position, site occupancy, lattice parameters (a and c), and bond-
distance (intra-chain Co1-Co2 and inter-chain Co2-Co2) for Ca3Co2�xMgxO6 (x = 0.05,

0.1, 0.15, and 0.2) samples.

x Atom Site x y z Occupancy a c Co1-Co2 Co2-Co2

(Å) (Å) (intra-chain) (inter-chain)

(Å) (Å)

Ca 18e 0.3700 0 0.25 0.510

Co1 6b 0 0 0 0.165

0.05 Co2 6a 0 0 0.25 0.160 9.077 10.381 2.596 5.519

Mg 6a 0 0 0.25 0.009

O 36f 0.1874 0.0294 0.1141 1.020

Ca 18e 0.3696 0 0.25 0.510

Co1 6b 0 0 0 0.164

0.1 Co2 6a 0 0 0.25 0.154 9.076 10.380 2.594 5.519

Mg 6a 0 0 0.25 0.017

O 36f 0.1883 0.0277 0.1141 1.012

Ca 18e 0.3691 0 0.25 0.508

Co1 6b 0 0 0 0.165

0.15 Co2 6a 0 0 0.25 0.144 9.075 10.381 2.595 5.518

Mg 6a 0 0 0.25 0.025

O 36f 0.1899 0.0252 0.1182 1.006

Ca 18e 0.3769 0 0.25 0.510

Co1 6b 0 0 0 0.162

0.2 Co2 6a 0 0 0.25 0.141 9.071 10.378 2.598 5.516

Mg 6a 0 0 0.25 0.033

O 36f 0.2023 0.0316 0.1119 1.005

comparable to the obtained values of these parameters for parent compound in Chapter 3

(Table 3.1). It is also found that these parameters remain independent of Mg substitution

and hold the essential condition of 1D character to appear. The CoO6 octahedral and

the CoO6 trigonal prism with associated bond lengths and bond angles are displayed in

Fig. 4.2 for all the samples. It is clear from Fig. 4.2 that the incorporation of Mg ions

does not alter the bond distances and bond angle for the Co1 ions at the octahedral

site. However, these parameters varied slightly for the Co2 ions at the trigonal prism site

but not signi�cantly. Thus, from these results, we could expect an interplay of peculiar

features of the 1D character with non-magnetic ion substitution induced disorder which

may bring exotic magnetic properties in the substituted compound.

Fig. 4.3 depicts the energy dispersive spectra for the Ca3Co1.9Mg0.1O6 sample. It con-

�rms the presence of Ca, Co, Mg, and O in the synthesized samples. No other traceable
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impurities were detected within the resolution limit of EDS. Further analysis con�rmed

that the obtained elemental percentages are comparable to their nominal values.

4.3.2 Temperature dependence of magnetization

In order to explore the magnetic properties of these systems, the magnetization mea-

surement of powder samples of Ca3Co2�xMgxO6 (x = 0.05, 0.1, 0.15, and 0.2) were

performed after the ZFC and FC conditions in an applied magnetic �eld of 0.1 T. It

reveals the important features of the complicated magnetic state of these compounds.

Fig. 4.4 illustrates the temperature dependence of ZFC and FC magnetization for the

studied Ca3Co2�xMgxO6 samples. All the plots for these samples have shown similar

characteristics. The magnetization increases sharply below the �rst transition at around

25 K, which remains independent of the doping content of Mg. Bifurcation between M-T

ZFC-FC curves followed by a maximum in the ZFC curve is observed below this tem-

perature. The cusp in the ZFC curve displayed for low temperature in all the samples

is a characteristic behavior of disordered systems. On the other hand, the FC magneti-

zation increases monotonically with decreasing temperature. For the parent compound

Ca3Co2O6, the sharp rise in the magnetization at 25 K (T c1) corresponds to transition

from paramagnetic to an incommensurate amplitude-modulated PDA state, and the cusp

at 9 K (T c2) has the place on the called spin-glass state [25, 30, 91]. The transition tem-

peratures (T c1 and T c2) were obtained by the procedure mentioned in Chapter 3 and

marked by the arrow in Fig. 4.4. It is found that the T c1 and T c2 remain independent

of the Mg ion concentration. In addition, as expected from the non-magnetic ion (Mg)

substitution, the magnetization decreases.

Furthermore, we have characterized the magnetization data by plotting the inverse of dc

magnetic susceptibility against the temperature for all the samples (inset Fig. 4.4). It

exhibits a linear behavior above 150 K and follows the Curie-Weiss law (Eq. 3.1). In

the inset of Fig. 4.4, the inverse dc susceptibility curves for all the samples were �tted

to Curie-Weiss law to obtain Cmol and θ. The µe� was calculated from the �tted value

of Cmol (Table 4.2) by using the relation µe� = (3CmolkB/NAµ
2
B)

1/2, where kB is the

Boltzmann constant, NA is the Avogadro number, and µB is Bohr magneton. Table
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Figure 4.4: DC magnetization vs. temperature curves for Ca3Co2�xMgxO6 (a) x =
0.05 (b) x = 0.1 (c) x = 0.15 (d) x = 0.2 under an applied magnetic �eld of 0.1 T. Inset
shows the inverse susceptibility vs. temperature data �tted to the Curie-Weiss law for

all the samples.

4.2 contains the obtained values of µe� and θ for all the samples. It is observed that

the calculated values of µe� and θ for these samples are less than 5.6 µB and 31 K,

respectively that for the parent compound (Table 3.2). As for the parent compound,

the Co3+ ion in the octahedral environment is in the low spin state (S = 0), and in the

trigonal prism environment, they are in the high spin state (S = 2). If the Mg2+ ions

go to the octahedral site (S = 0) then to maintain the charge neutrality some of the

Co3+ ion at the octahedral site (S = 0) partially transform into Co4+ ion
(
S = 1

2

)
or

some of the Co3+ ion at trigonal prism site (S = 2) partially transform into Co4+ ion(
S = 5

2

)
, which should eventually lead to higher value of µe� for the Mg doped compound

compared to parent compound; however, the experimental results are contrary to this,

which clears that the Mg2+ ions sits at the Co2 (6a) site. In addition, the increased

value of µe� with the doping content of Mg is unexpected. The theoretical value of µe�

for these samples has been calculated by taking the µe� for the parent compound 5.6

µB, and it shows a decreasing trend with Mg concentration (Table 4.2). As the increase

in the experimentally observed value of µe� with doping content of Mg is contrary to the
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theoretical prediction; therefore, we refer the increased value of µe� might be because

of the induced Co4+ ions
(
S = 5

2

)
due to the substitution of Mg2+ ions for Co3+ ions

(S = 2) to maintain the charge neutrality. The spin con�guration of the system will be

discussed in the next section. On the other hand, the θ decreases monotonously with

Mg ion concentration and attains a negative value for x = 0.2 sample (Table 4.2). The

decreased value of θ was mainly due to the combined e�ect of non-magnetic Mg2+ ion

pairs and the super-exchange antiferromagnetic interaction developed by induced Co4+(
S = 5

2

)
ions along the chain.

Table 4.2: Molar Curie constant (Cmol), e�ective magnetic moment (µe�), Curie
temperature (θ), theoretical value of µe� , exchange interaction constant (J 1/kB), re-
laxation time (τ), and critical exponent (n) for Ca3Co2�xMgxO6 (x = 0.05, 0.1, 0.15,

and 0.2) samples.

x Cmol
µe�

(µB)

θ

(K)

µe�

(theory)

(µB)

J 1/kB

(S = 2)

(K)

J 1/kB(
S = 5

2

)
(K)

τ

(sec)
n

0.05 3.38 5.20 25 5.45 6.84 1.54 373 0.53

0.10 3.45 5.25 12 5.31 6.15 1.08 384 0.53

0.15 3.48 5.27 4 5.16 4.35 0.75 375 0.54

0.20 3.51 5.32 -23 5.01 -2.75 -0.44 - -

To elucidate the spin con�guration of the system, we have used 1D spin-chain model for

S = 2 and S = 5
2 system. Since we are expecting the change in the spin con�guration

of the system
(
S = 2→ S = 5

2

)
due to Mg ion substitution. So we have taken the

parent compound Ca3Co2O6 (S = 2) as our reference system and tried to analyze the

susceptibility data of Ca3Co2�xMgxO6 by using the 1D chain model for S = 2 and S =

5
2 system. The crystal structure of Ca3Co2O6 consists of an in�nite number of chains of

alternating CoO6 octahedral and CoO6 trigonal prisms. In this system, the intra-chain

(Co2-Co2) and inter-chain (Co2-Co2) coupling are ferromagnetic and antiferromagnetic,

respectively. The intra-chain interaction was expected to be stronger than inter-chain

interaction because the former has shorter Co-Co bond distances (Table 4.1). Fig. 4.5

shows the χT vs. temperature plot for all the samples. The susceptibility relation for S
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= 2 1D spin-chain system is given by [124]

χT =
1
3
χ‖T+

2
3
χ⊥T (4.1)

where χ‖ and χ⊥ are the parallel and perpendicular susceptibilities, respectively given

by

χ‖T =
3
4
g2 exp

(
8J1
kBT

)
(4.2)

and

χ⊥T =
3
4
g2. (4.3)

Here g is the Lande factor, kB is the Boltzmann constant, and J 1 stands for the intra-

chain exchange interaction between two nearest Co2 ions. To extract the J 1 considering

Ca3Co2�xMgxO6 as S = 2 system, the high-temperature susceptibility data (above 50

K) were �tted to Eq. 4.1. The high-temperature χT curves exhibit asymptotic behavior,

described by Eq. 4.1 (Fig. 4.5). These curves show good agreement with the theoretical

model for x = 0.05, 0.1, and 0.15 samples; however, the curve gets deviated for the x

= 0.2 sample (Fig. 4.5), which indicates the change in the spin con�guration of the

system for this sample. The best �ts were obtained with the values of J 1/kB given in

Table 4.2. Positive value of J 1/kB for x = 0.05, 0.1, and 0.15 samples suggested that the

dominant intra-chain interaction is ferromagnetic, while the negative value of J 1/kB for

x = 0.2 samples indicates the coupling to be an antiferromagnetic type. These results

are consistent with the negative value of θ for the x = 0.2 sample (Table 4.2).

Similar to considering the Ca3Co2�xMgxO6 as S = 2 system, we have tried to �t our

experimental high temperature (above 50 K) susceptibility data in the 1D chain model

for S = 5
2 system, assuming that the inter-chain interaction is considerably weak. The

susceptibility relation for S = 5
2 1D spin-chain system is given by [219]

χ =
NS(S+ 1)
3kBT

g2µ2B
1 + u(K)
1 � u(K)

(4.4)

where N is the total number of spins, u(K )=cothK - 1
K , and K = 2J1S(S+1)

kBT
. It is

clear from Fig. 4.5 that the reproducibility of χT data by S = 5
2 model is qualitatively

and quantitatively better than the S = 2 model in the wide temperature range. This
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Figure 4.5: χT vs. temperature plot (open circle) for Ca3Co2�xMgxO6 (a) x = 0.05
(b) x = 0.1 (c) x = 0.15 (d) x = 0.2. Solid line shows the �tted model S = 2 (red) and

S = 5
2 (pink).

�nding revealed the evolution from the strongly 1D Ising-type anisotropic magnetism (S

= 2) to 1D Heisenberg-type
(
S = 5

2

)
with Mg substitution in Ca3Co2O6. Furthermore,

a detailed investigation on this Mg substitution-induced spin-state transition has been

done through XPS analysis. Table 4.2 contains the �tted value of J 1/kB for S = 5
2

model. It is observed that for S = 5
2 model, the J 1/kB value decreases from 1.54 K for

x = 0.05 sample to 0.75 K for x = 0.15 sample, and attains a negative value for x =

0.2 sample. The negative value of J 1/kB for x = 0.2 sample is also consistent with the

negative value of θ for this sample (Table 4.2). In addition, the obtained values of J 1/kB

for S = 5
2 model are quite di�erent from that for S = 2 model (Table 4.2). From the

analysis of XRD data, it is found that the bond distance between intra-chain Co2 ions

remains independent of Mg content (Table 4.1), so it eliminates the chances of decreased

overlap of dz2 orbitals of intra-chain Co2 ions. Thus, the decreased value of J 1/kB with

Mg ion concentration possibly because of the presence of Mg2+ ion pairs in the Co3+

ions chain, which reduces the intra-chain ferromagnetic coupling. Moreover, the Mg2+

ions substitution leads to the partial transform of Co3+ (S = 2) ions into Co4+
(
S = 5

2

)
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ions, due to which the µe� increases with the doping content of Mg, and a negative

super-exchange antiferromagnetic interaction also develops between Co4+ ions along the

chain. The strength of this interaction increases continuously with the concentration of

Mg, and the negative value of J 1/kB for x = 0.2 sample suggested that the intra-chain

coupling is dominated by antiferromagnetic interaction above x ≥ 0.2.

4.3.3 Field dependence of magnetization

In order to understand the in-�eld behavior of these compounds, the �eld-dependent

isothermal magnetization M-H measurements were performed on all the samples of

Ca3Co2�xMgxO6 (x = 0.05, 0.1, 0.15, and 0.2) at 2 K and 10 K, and are displayed

in Fig. 4.6. The M-H curves of all the samples have similar characteristics; at tempera-

ture 10 K, the magnetization increases linearly for a small �eld region (H < 1 T) before

reaching the saturation plateau. With further increasing magnetic �eld, a rapid jump

in the magnetization is observed at around 3.6 T, indicating a �eld-induced magnetic

transition. It is noted the magnetization doesn't get saturated for the highest applied

�eld H = 9 T, indicating that the easy-axis of magnetization is randomly oriented with

respect to the applied magnetic �eld. The M-H curve changes its behavior drastically

at temperature T = 2 K and shows non-linear behavior having several intermediate in-

�ection points (steps) followed by a large hysteresis in the demagnetization process. To

gain further insight into the magnetization process, the dM
dH vs. H curve at T = 2 K is

included in the inset of Fig. 4.6. The in�ection points are clearly visible in the dM
dH vs.

H plot for all the samples at around 1.2 T, 2.4 T, and 3.6 T, marked by H c2, H c1, and

H c, respectively (Fig. 4.6). This �nding is in good agreement with the XRD results,

and our samples acquire the striking feature in the magnetic properties of 1D materi-

als, which is related to the quantum tunneling of magnetization [27, 196]. So far, no

reports are available where the steps present in the M-H curve of the parent compound

Ca3Co2O6 are persists for doped samples. These results suggested that the Mg-doped

samples have similar characteristics as the parent compound, and the Mg substitution

does not alter the magnetic structure of the compound. For the parent compound, the

saturation plateau at 10 K corresponds to the ferrimagnetic alignment, and the step-like
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Figure 4.6: Isothermal M-H curves at temperature T = 2 K (black) and 10 K (red)
for Ca3Co2�xMgxO6 (x = 0.05, 0.1, 0.15, and 0.2). Inset shows the �rst-quadrant dM

dH
vs. H plot at T = 2K.

change at 3.6 T is a �eld-induced transition from ferrimagnetic state to ferromagnetic

state [199�201].

To further explore the in-�eld behavior of the system, the magnetocaloric e�ect is an

e�ective method for examining the �eld and temperature-dependent magnetic phase

transition and is evaluated by calculating the magnetic entropy change (∆S (T,H)) [220].

The ∆S can be extracted from the Maxwell relation 1
µ0

(
∂S
∂H

)
T
=
(
∂M
∂T

)
H

relating the

change in magnetic entropy with respect to the magnetic �eld to change in magnetization

with respect to temperature

∆S(T,H) = µ0

∫ H

0

(
∂M

∂T

)
H
dH (4.5)

where S, H, T, and M are entropy, magnetic �eld, temperature, and magnetization,

respectively. For applying Eq. 4.5 and subsequently evaluating ∆S (T,H), the isothermal

magnetization measurements were carried out with small steps for a range of tempera-

tures in the vicinity of T c1 and T c2. Fig. 4.7 displays the virgin curve for x = 0, 0.05,
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Figure 4.7: First-quadrant M-H curves for Ca3Co2�xMgxO6 (x = 0, 0.05, and 0.1)
samples in the temperature range T = 5 K to T = 33 K.

and 0.1 samples in the temperature range 5 K to 33 K. In the low-temperature region

5 to 11 K, the temperature step is 1 K. For the high-temperature region (11 to 33 K),

the 2 K step is chosen. The aim of decreasing the temperature interval for 5 to 11 K

was to better quantify the di�erence between the magnetization used in Eq. 4.5, as the

curve changes its shape immensely in-between this region. Since to get an informative

result from the ∆S calculation at higher magnetic �elds (H > 3 T) for the parent com-

pound, a series of isotherms were required up to temperature 100 K due to the presence
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Figure 4.8: Change in entropy (∆S ) for Ca3Co2�xMgxO6 (x = 0, 0.05, and 0.1)
samples in the temperature range 5.5 K ≤ T ≤ 32 K for �eld di�erence 0.3 T to 3 T.

of weak ferromagnetic correlations at high temperatures [90]. So we are restricted to

do ∆S calculation up to �eld di�erence H ≤ 3 T. Fig. 4.8 depicts the temperature

dependence of ∆S for x = 0, 0.05, and 0.1 samples at di�erent constant �eld di�erence.

These curves present a characteristic shape with a minimum at T ≈ 22 K for all the

samples (Fig. 4.8), indicating an order-disorder transition. It is found that the value

of ∆S for both the doped samples (x = 0.05 and 0.1) are in the same range, which is
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comparatively lower than the ∆S for x = 0 sample. For all the samples, the value of

maximum entropy change ((∆S)max) at T ≈ 22 K increases with the magnetic �eld and

reaches a value nearly -1.50 Jkg�1K�1, -1.00 Jkg�1K�1, and -0.95 Jkg�1K�1 for x = 0,

0.05, and 0.1 sample, respectively, for a �eld di�erence of 3 T. These values result into

relative cooling power (RCP) of 19.1 J/kg, 10.7 J/kg, and 9.2 J/kg for x = 0, 0.05, and

0.1, respectively. It can be noted from Fig. 4.8 that there is a sign reversal in ∆S for

temperature T ≤ 12 K. A coexistence of the positive and negative magnetocaloric e�ect

has been observed for the parent compound in the earlier report [90]. The temperature

corresponding to the crossover from the negative to positive ∆S can be correlated with

the coexistence of a short-range glassy state below T c2 with long-range order at zero

�eld. The ∆S for x = 0.05 sample at T = 5.5 K is comparatively lower than the ∆S

for x = 0 sample, indicating the disorder decreases with Mg substitution. Moreover, the

increase in ∆S at low temperature for x = 0.1 sample is quite unusual.

Figure 4.9: Change in entropy (∆S ) with magnetic �eld at various temperatures for
Ca3Co2�xMgxO6 (x = 0, 0.05, and 0.1) samples.

Furthermore, the ∆S calculation is also an important tool to identify the transition

�elds by examining its �eld dependence at constant temperature. Fig. 4.9 shows the
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�eld dependence of ∆S for x = 0, 0.05, and 0.1 samples at di�erent temperatures. These

curves exhibit similar features at constant temperature for all the samples except di�erent

values of ∆S and slight variation in transition �elds. For the temperature region above

T c1 (T = 26 K), the ∆S decreases monotonously (Fig. 4.9(a)) with the magnetic �eld

for all the samples due to short-range ordering of ferromagnetic clusters present in the

paramagnetic region by the application of magnetic �eld. As the temperature is decreased

below T c1 (T = 20 K), the variation in ∆S with magnetic �eld becomes nontrivial (Fig.

4.9(b)). Upon reaching a local minimum, the ∆S begins to rise at H ≈ 2.6 T (H ≈ H c1)

and attains a maximum at H ≈ 4.2 T (H ≈ H c), followed by a monotonous decrease

with increasing magnetic �eld, characteristics of a ferromagnetic state. For the parent

compound Ca3Co2O6, the transition at H c1 corresponds to ferrimagnetic up-up-down

(↑↑↓) con�guration of the spin-chains followed by a �eld-induced metamagnetic transition

to ferromagnetic up-up-up (↑↑↑) con�guration above H c [90, 199]. Thus, the increased

value of ∆S in the �eld range H c1 < H < H c is attributed to the reversal of the third

chain. In the low-temperature region (T ≤ 12 K), the ∆S changes its sign from negative

to positive for all the samples, and an additional entropy maximum at H ≈ H c2 emerges

for H < H c1 (Fig. 4.9(c)). These results are consistent with the three peaks obtained in

the derivative plot of the 2 K M-H curve (see inset of Fig. 4.6). The entropy maximum

at H c2 persists for the lowest measured temperature T = 5.5 K (Fig. 4.9(d)), and its

value increases from 0.28 Jkg�1K�1 at 12 K to 4.45 Jkg�1K�1 at 5.5 K for x = 0 sample,

pointing to the growing disorder due to the formation of the short-range glassy state.

As the magnetic properties of the parent compound have shown the presence of a large

number of intermediate anisotropic metastable states at low temperature, the maximum

at H c2 may correspond to the transition from one of them to another. It is observed

that the transition �eld H c1, H c2, and H c shifted to the right side with lowering the

temperature (T = 12 K to 5.5 K) (Figs. 4.9(c) and (d)). The increase in the H c1 and

H c2 with decreasing temperature is consistent with the reported study of ∆S for the

parent compound [90]. In addition, the ∆S maximum present at H ≈ H c for T = 5.5

K (Fig. 4.9(d)) is absent in the earlier study of the parent compound at T = 5 K [90].

Thus, we are able to identify all three transitions from the magnetocaloric measurements

in our samples. For the doped samples, the ∆S vs. magnetic �eld curves follows similar
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Figure 4.10: Arrott plots for Ca3Co2�xMgxO6 (x = 0, 0.05, and 0.1) samples over a
range of temperature 5 K ≤ T ≤ 33 K. Inset shows the enlarged view of Arrott plot

for some speci�c temperatures.

trend (Fig. 4.9). However, the decrease in ∆S for doped samples indicates the glassy

feature reduces with Mg substitution.

In addition to the magnetocaloric e�ect, Arrott plots (M 2 vs. H /M ) are also an im-

portant tool to examine the in-�eld behavior of the system, which are physically more

transparent. Fig. 4.10 displayed the Arrott plots for x = 0, 0.05, and 0.1 samples. Above
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T c1, instead of being straight, these plots show some curvature which indicates the pres-

ence of weak ferromagnetic contribution in the paramagnetic region. In the temperature

range 5 K ≤ T ≤ 13 K, the plots are displaced to the left, while for 13 K ≤ T ≤ T c1,

plots start shifting to the right with temperature (inset Fig. 4.10). This anomalous be-

havior below T c1 is observed for low �elds only, while for higher �elds, these plots show

concave curvature and shift continuously towards the right with increasing temperature

(Fig. 4.10). These features can be related to the presence of strong coupling between

ferrimagnetic (↑↑↓) con�guration among chains and intra-chain ferromagnetic interaction

at low �elds [90, 199]. As a result of this, the ferrimagnetic con�guration renormalizes

the ferromagnetic contribution in such a way that the ferromagnetic moment with �eld

is reduced in comparison to the case when there is no ferrimagnetic order. In the low

�eld region, the ferrimagnetic con�guration among chains dominates, while for the high

�elds, the system switches from the predominantly ferrimagnetic con�guration to the

ferromagnetic con�guration.

4.3.4 Magnetic dynamics

As the prominent magnetic features of the Ca3Co2O6 system remain una�ected with

the Mg substitution, while the magnetocaloric measurements suggested that the low-

temperature disorder decreases with Mg content. So now it has become essential to look

at the dynamic behavior of these samples at low temperatures, which is disorder-related.

The dynamics of these samples have been studied through ZFC magnetic relaxation

measurements. In this process, the samples were cooled in the absence of magnetic �eld

(300 to 3 K). After stabilizing the temperature at 3 K, these samples were magnetized

under an external �eld of 9 T for 60 sec. Then the external magnetic �eld was switched

o�, and the decay in the remanent magnetization was recorded for 3600 sec. Fig. 4.11

shows the drop in the remanent magnetization with time for x = 0.05, 0.1, and 0.15

samples. Unlike the parent compound, it was observed that the magnetization relaxes

quickly for the Mg-doped samples. It indicates the release of the magnetic anisotropic

energy barriers with Mg substitution. In order to get a detailed understanding of this,

we have �tted the relaxation data in stretched exponential relaxation function (Eq. 3.6).

The solid line in Fig. 4.11 shows the �tting of experimental data in Eq. 3.6, and the
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Figure 4.11: Drop in the remanent magnetization with time (open circle) at temper-
ature T = 3 K for Ca3Co2�xMgxO6 (x = 0.05, 0.1, and 0.15). Solid line shows the

�tted data in Eq. 3.6.

obtained parameters τ and n are given in Table 4.2. It is found that the relaxation

time for these samples is much smaller than for the parent compound (1366 sec), which

indicates the reduced glassy feature with Mg substitution.

4.3.5 XPS analysis

As from the earlier susceptibility data analysis, we have expected an intermediate spin-

state transition from Co3+ (S = 2) to Co4+
(
S = 5

2

)
and a signi�cant enhancement in

the µe� due to Mg substitution. Thus, the relative percentage of Co3+ and Co4+ ions

present in the system plays an important role in controlling its magnetic behavior. So

in order to understand the role of di�erent spins as well as valence states of Co ions in

de�ning the magnetic properties of the system, we have measured core-levels of Co 2p

for Ca3Co2�xMgxO6 using X-ray photoelectron spectroscopy. Fig. 4.12 shows the Co 2p

core-level spectra, consisting of broad peaks, which may arise due to spin-orbit coupling

between 3d electron and 2p core of Co ions. The asymmetry of the peaks reveals the
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Figure 4.12: XPS results for Ca3Co2�xMgxO6 (x = 0.0, 0.1, and 0.2) (a) survey
spectra for Ca3Co2O6 which shows the presence of Ca, Co, and O atoms. Deconvoluted
results of Co 2p1/2 and Co 2p3/2 for samples with (b) x = 0, (c) x = 0.1, and (d) x =

0.2.

existence of mixed valences of the Co ion. For the parent compound, the spin-orbit of

Co 2p peaks was deconvoluted into four peaks of 2p1/2 and 2p3/2, as well as two weak

satellite peaks (Fig. 4.12 (b)). The peaks of 2p1/2 and 2p3/2 at 795.82 and 780.63 eV,

respectively, is attributed to the existence of Co3+ (S = 2) ion, while the peaks of 2p1/2

and 2p3/2 at 797.93 and 782.26 eV, respectively, is attributed to the existence of Co2+(
S = 3

2

)
ion. Generally, the Co ions in both Co1 and Co2 sites are in the trivalent state;

the presence of a small amount of Co2+ ion is due to the oxygen non-stoichiometry in the

sample [206]. Unlike the parent compound, an additional valence state of Co ion (4+)

has appeared for Mg substituted compound (Fig. 4.12 (c) and (d)), which governs the

related magnetic properties. Notably, the substitution of Mg2+ ions causes the transfer

of Co3+ ions (S = 2) into Co4+ ions
(
S = 5

2

)
, due to which some of the Co ions prefer to

stabilize in 4+ state along with the dominating 3+ state. From Fig. 4.12, the area under

deconvoluted �tting curves of Co4+ and Co3+ indicates that the percentage of Co4+ ions

increases with an increase in Mg concentration. To calculate the percentage Co ions in
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Table 4.3: Percentage of Co2+, Co3+, and Co4+ ions in Ca3Co2�xMgxO6 (x = 0, 0.1,
and 0.2) samples calculated by taking area under Co 2p1/2 and 2p3/2 peaks.

x
Co2+

(%)

Co3+

(%)

Co4+

(%)

0 5.1 94.9 -

0.1 4.9 90.4 4.7

0.2 4.7 86.4 8.9

3+ and 4+ valence states, the area under each peak is taken, and the calculated content

of Co2+, Co3+, and Co4+ ions is given in Table 4.3. The calculated µe� by considering

relative percentage of Co3+ and Co4+ ions from XPS analysis for the x = 0.2 compound

is 5.29 µB, which matches with the magnetization data (Table 4.2). Further, it shows a

decreasing trend with increasing Mg concentration which corroborates the trend of µe�

from the magnetization measurements.

4.4 Density Functional Theory Calculations

Having understood the role of Mg substitution in bringing unusual magnetism in Ca3Co2O6

through experimental measurements, it became pertinent to investigate it from theoret-

ical point of view. DFT is the most successful and extensively studied tool to insight

into the structural, magnetic, and electronic properties in order to have a better un-

derstanding of the system from di�erent perspectives. The �rst step towards that will

be benchmark structural properties derived from DFT calculations against structural

parameters derived from the analysis of XRD data by Rietveld re�nement. It is well

known that the transition metal oxide usually has strong Coulomb correlation; hence we

introduced the Coulomb correlation e�ects through GGA+U method [180]. In order to

select the appropriate U, the lattice parameter a and c were calculated with di�erent U

values between 0.0 to 4.0 eV. It is found that for U = 2.0 eV, the calculated values of a

and c are most appropriate with the experimental �ndings. So for the entire DFT-based

calculations, we have �xed the value of U to 2.0 eV.
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Table 4.4: Calculated magnetic moments at each Ca, Co1, Co2, Mg, and O ion in
Ca3Co2�xMgxO6 (x = 0.0 and 0.167) samples.

x
Ca

(µB)

Co1

(µB)

Co2

(µB)

Mg

(µB)

O

(µB)

0 0.02 0.06 2.90 - 0.14

0.167 0.01 0.04 2.96 0.0 0.13

In the next step, we calculated the magnetic moments at each site for both Ca3Co2O6 and

Ca3Co1.833Mg0.167O6 samples (Table 4.4). For the pristine Ca3Co2O6, the calculated

magnetic moments, 0.06 µB at Co1 site, 2.90 µB at Co2 site, and a rather large moment

of 0.14 µB at the O site, are similar to the earlier report [18]. However, for the Mg

substituted compound, we observed staggered magnetic moments for all the atoms. The

average of the staggered magnetic moments are 0.04 µB, 2.96 µB, and 0.13 µB for Co1,

Co2, and O site, respectively. For both samples, the magnetic moment of nearly 0.13 µB

at O site is possibly a result of the hybridization between Co (3d) states with the O (2p)

states, which can additionally enable the hybridization-mechanism-driven magnetism

in these systems. Interestingly, the increase in the average magnetic moment on the

Co2 sites from 2.90 µB for x = 0 sample to 2.96 µB for x = 0.167 sample, improving the

agreement with the experimental results. It implies that the substitution of non-magnetic

ion Mg in the replacement of magnetic ion Co can enhance the magnetic moment at

the Co2 site and directly connected to the magnetism-related phenomena. However, in

order to have a better understanding of such phenomena and interpretations with the

experimental results, systematic study of the system is required at the microscopic level.

Such understanding can be achieved if these systems are studied at microscopic level,

that is, from electronic structure calculations. These calculations provide important

insight into the hybridization mechanism, crystal �eld splitting, and in-site interactions

and their e�ect on magnetic properties by total density of state (DOS), band structure,

and Fermi surface analysis.
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Figure 4.13: Total and site projected density of states for Ca3Co2�xMgxO6 (x = 0
and 0.167). The total DOS is shown as black solid line, and the site projected DOS for

Ca, Co, and O are indicated by solid red, blue, and magenta lines, respectively.

4.4.1 Electronic structure study

In the beginning, we attempt to understand the hybridization-mechanism and in-site

interaction in these systems through density of state calculations. The total density

of states per formula unit for Ca3Co2O6 and Ca3Co1.833Mg0.167O6 samples has been

calculated using GGA+U method (U = 2.0 eV). Fig. 4.13 shows the total electronic

density of states along with the atom projected DOS in the energy interval -7.5 eV to

+7.5 eV, where the Fermi energy (EF) set at zero. The EF for the parent compound is

5.6 eV, and as we move to Mg-doped compound, the EF shifts to 5.0 eV. It is consistent

with the fact that the Mg substitution creates holes in valence band, due to which Fermi

level shifts below. In the DOS calculations for both systems, we observed band gap (∆E )

of nearly 1.0 eV, and the plot shows signi�cant contribution from Ca atom above EF (

Fig. 4.13). However, for the Mg substituted compound, the Mg ion has no contribution

to the electronic DOS. Apart from these results, the calculated density of state at EF is

not the same for both compounds. For the parent compound, the DOS at Fermi level

is zero, whereas a non-zero value (3 states/(eV*f.u.)) is obtained for Mg-doped system.
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It suggests that the overall pro�le of DOS for both the compounds are same; however,

the substitution of Mg shifts the Fermi level below. Thus from these results, we could

expect a similar band pro�les for both the compound, whereas the number of bands

crossing the Fermi level will not be the same. From Fig. 4.13, it is evident that the

major contribution to DOS near the Fermi level (-1.2 eV to EF) is dominated by Co-3d

and O-2p states, and it is remarkable to note that the O atom contribution is nearly

half that of Co atom contribution in the occupied state. Thus, these results show strong

hybridization between Co-3d and O-2p orbital electrons in this energy range, which

may lead to di�erent crystal �eld splitting e�ects of 3d -orbitals and thus in�uences the

electron occupancy. As the hybridization between Co-3d and O-2p orbital electrons is an

important consequence of Co-O bond-length and bond-angle. Therefore, the structural

changes in Ca3Co2O6 due to Mg substitution can in�uence its electronic properties also.

In the structural investigation, we observed that for CoO6 trigonal prism environment,

the Co-O bond-length is minimum for x = 0.15 sample (Fig. 4.2). Thus, the Co-O bond

in Mg-doped compound is much stronger as compared with Co-O bond in Ca3Co2O6.

Consequently, the partial states of Co-3d and O-2p hybridize strongly for Mg-doped

compound and cross the Fermi level in the electronic DOS.

Figure 4.14: The contribution of dz2 , dx2�y2 , dxy, dxz, and dyz orbitals in the density
of states for Co2 atom in Ca3Co2�xMgxO6 (x = 0 and 0.167).
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In order to lend insight into the spin structure and related magnetic properties of the

systems discussed in the previous sections, the orbital-projected DOS for the Co-3d levels

have been calculated. Fig. 4.14 shows the orbital-projected DOS for the Co-3d levels of

Ca3Co2O6 and Ca3Co1.833Mg0.167O6. It is observed that near the EF, there is mixing

of dz2 , dx2�y2 , dxy, dxz, and dyz spin-orbitals. Therefore, it would have an important

consequence on the spin structure of the system, which is investigated in the previous

chapter (Chapter 3). Generally, in the Co3+ ion trigonal prism environment, the energy

orbital splits accordingly dz2 < dx2�y2 = dxy < dxz = dyz. In our calculation, we

observed that the orbital projected DOS plot for dx2�y2 orbit nearly overlaps with dxy

orbit plot. Similar to this, both the dxz and dyz orbitals contribute equally to the DOS.

These results are consistent with the d -orbital splitting of Co3+ ion in trigonal prism

environment. Our calculation also suggested that in this system, the dx2�y2 and dxy

orbitals are very close to degenerate with dxz and dyz orbitals. We propose that the

crystal �eld e�ect might be the origin of this splitting, and since the orbitals are close to

degenerate in energy, which leads to the very large orbital contribution to the moment

in these systems, as suggested from Chapter 3. Similar to this, the X-ray magnetic

circular dichroism study shows a large orbital moment (1.7 µB) at Co2 site [221]. One

of the surprising results from these calculations is the less contribution of dz2 orbital

in the DOS, and it appears only below the EF. Thus, in addition to the experimental

data, these results suggest an itinerant mechanism for the magnetic order in the form of

strongly correlated electron systems.

To gain more insight into the physics of such complicated systems, we have calculated

the band structure for both systems. The calculated band structure for Ca3Co2O6 and

Ca3Co1.833Mg0.167O6 compounds along the high symmetry k -points in the irreducible

Brillouin zone are displayed in Fig. 4.15. For both the compound, the Fermi level is set

at zero, which is represented by the solid black line. As predicted from DOS analysis,

the top of valence band and the bottom of the conduction band (here the valence band

and conduction band refers to the band below and above the Fermi level, respectively)

are mainly originated from the strong hybridization between Co-3d and O-2p states, due

to which the energy bands demonstrate dispersive character in the entire region of �rst

Brillouin zone. Apart from this, there are multiple degenerate bands at high symmetry
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Figure 4.15: Calculated electronic band structure of Ca3Co2�xMgxO6 (x = 0 and
0.167) along high-symmetry k -points. Zero energy indicated by the horizontal line
refers to the position of the Fermi level. The olive dots correspond to the band crossing

the EF.

points. A direct band gap of nearly 1.0 eV is observed at the L point, and a second

conduction band minimum occurs between the P_2 and Γ high-symmetry lines. For the

parent compound, no energy band crosses the EF (Fig. 4.15(a)), whereas, for the Mg-

doped compound, one band crossing represented by olive dots in Fig. 4.15(b) is observed

at EF. The band across the Fermi level is from valence band to conduction band,

indicating the hole nature, creating hole pockets at the Γ -point and electron pockets

at the L point. This band shows dispersive nature along the Γ -L and Γ -F directions;

however, it is almost �at for the T, P_0, and P_2 high symmetry points. Interestingly

this band has multiple band crossing along with Γ -L, L-T, and Γ -F directions leading

to complex nature of Fermi surface.

4.4.2 Fermi surface

The behavior of the compound at the Fermi level can be well understood by visualiz-

ing the Fermi surface and its shape. For being an insulator/semiconductor, we could

not calculate the Fermi surface of Ca3Co2O6. On the other hand, the Fermi surface

at ambient conditions corresponding to the single energy band that crosses EF for the
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Mg-doped compound is shown in Figs. 4.16(a) and (b), where the empty region contains

the holes and the shaded region for electrons. Generally, the shape of the Fermi surface

is derived from the occupation of electronic energy bands, and the change in the color of

Fermi surface is related to the electron velocity. The red and blue colors show fast and

slow velocity of electrons, respectively, while the remaining colors show the intermediate

velocity of electrons. It is clear that the �rst-principles study predicts a highly complex

Fermi surface for Ca3Co1.833Mg0.167O6. The Fermi surface for Ca3Co1.833Mg0.167O6 in

Figure 4.16: The Fermi surfaces of Ca3Co1.833Mg0.167O6 (a) and (b) in the �rst
Brillouin zone for band crossing the Fermi-level. A representative Fermi surface for
Ca3Co2O6 (c) and (d), which emerges as the Fermi energy is shifted into the valence

band.

the �rst Brillouin zone is composed of six merged lobes, and these lobes are symmetri-

cally away from the kz-axis (Figs. 4.16(a) and (b)), which indicates the similar behavior

of electrons about this direction. Out of these six lobes, four are connected, and two are

opened at the surface of the �rst Brillouin zone. In the �rst-principles band structure

calculation for Ca3Co1.833Mg0.167O6 along the high symmetry directions, we �nd that
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the valence band gives rise to two well-separated hole pockets near Γ -L and Γ -F direc-

tions. Therefore, the Fermi surface topology displays a star-shaped empty region around

Γ -point. Similar to this, far away from Γ point, another circular-shaped empty region

around F-point corresponds to band crossing along the Γ -F direction. Thus, the mo-

mentum location and overall shape of Fermi surface agree well with the band structure

plot.

In order to compare the Fermi surface topology of Mg-doped compound with parent

compound, a representative Fermi surface of highest energy band in valence band, which

emerges as the EF is shifted to valence band for the parent compound is shown in

Figs. 4.16(c) and (d). Similar to the Mg-doped compound, the Fermi surface of parent

compound consists of six lobes that are symmetrically away from the kz-axis, and at Γ

point, there is no density. However, it is noticed from Figs. 4.16(c) and (d) that unlike

the Fermi surface for the Mg-doped compound here, the lobes are separated from each

other, and the hole like Fermi surface shrinks.

4.5 Discussion

Our study shows that the prominent features of Ca3Co2O6 survive for the large Mg

substitution, which is a signature of reduced dimensionality with additional hole-type

substitution e�ects in the electronic structure of the system. Earlier studies have shown

that the substitution at Co2 site has both positive and negative aspects [88, 124, 133,

135, 139]. The intra-chain ferromagnetic interaction dramatically increases for Ir and

Rh doping [88, 139] while it decreases for Fe, Mn, and Cr substitution [124, 133, 135].

From our study, the obtained value of θ and J 1/kB shows decreasing trend with Mg

substitution, which is similar to that for the Fe, Mn, and Cr substitution at Co2 site,

and it indicates the enhancement of antiferromagnetic interaction with substitution. In

addition, the una�ected transitions (T c1 and T c2) and step-like features in the M-H

curves are quite di�erent from earlier substitutions. Thus, from this point of view,

this study is new to the literature, and the Mg2+ ion substitution brings two di�erent

aspects in the magnetic property of the system. The �rst one is key parameters in the

magnetic property remain una�ected with Mg content. On the other hand, it suppresses
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the ferromagnetic contribution by introducing antiferromagnetic coupling of the induced

Co4+ ions along the chain, which reduces the energy barrier required to form the short-

range glassy state. The reduction in glassy feature is distinctly apparent from the ∆S

calculations. Thus, we can say that the key feature of the compound is its intrinsic

property which remains una�ected as long as the dimensionality relation holds while the

dynamic behavior is frustration-related. However, our DOS calculation results by taking

experimental lattice parameters show insulator/semiconductor behavior for Ca3Co2O6,

which is contrary to the previously reported ferromagnetic half-metal behavior [84].

4.6 Conclusion

In this chapter, using the experimental tools of XRD, magnetization, and XPS, we study

the structure and magnetism of Ca3Co2�xMgxO6 (x = 0, 0.05, 0.1, 0.15, and 0.2) and

try to establish a better concordance with theoretical predictions. We have prepared the

polycrystalline samples by standard solid-state reaction method. Rietveld re�nement of

XRD data con�rms that the doped Mg ion occupies the high spin trigonal prism site

without altering its 1D character, which lefts its mark on the M-H curves. M-T ZFC-FC

data reveal that the transition temperatures T c1 and T c2 remain una�ected with the

doping content of Mg, whereas the µe� increases and θ decreases. The increase in µe� and

decrease in θ are associated with the induced Co4+
(
S = 5

2

)
ions arising due to the sub-

stitution of Mg2+ ions. XPS analysis, together with the �rst-principles study, con�rms

the enhancement in magnetic moment and provides su�cient evidence for spin transi-

tion from S = 2 to S = 5
2 due to Mg substitution. The decreased value of J 1/kB with

Mg substitution has been attributed to the negative super-exchange interaction devel-

oped between induced Co4+ ions along the chain. Additionally, a detailed investigation

on the electronic density of states and band structure provides an itinerant mechanism

for the magnetic order and reveals hole-type doping of Mg atoms in this system. This

hole-type doping leads to strong hybridization between partial states of Co-3d and O-2p

orbitals, due to which the band crossing at EF is observed for Mg-doped compound, and

a hole-type Fermi surface is formed.
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Chapter 5

Ca3Co2�xBixO6: Chemical disorder

e�ect and Multilevel thermal

memory cell

Memory devices based on heat �ow and thermal recti�cation are in the limelight

due to their excellent performance under harsh environments such as high temperatures,

radiation �ow, and external electric �elds [222, 223]. These features make thermal mem-

ory devices most suitable for combustion engines, geothermal energy exploitation, and

space exploration missions, as information writing, reading, processing, and storage are

all by thermal manipulations [222]. Thus, thermal memory devices can be considered an

alternative to electronic memory devices, which su�er performance degradation in harsh

conditions [224]. The storage media in thermal memory devices can be phase-change

materials or magnetically frustrated solids [223, 225]. In the frustrated magnets, the

information storage is based on the principle of memory e�ect, a characteristic feature

of ergodicity breaking in magnetic systems [222, 226]. However, the conventional route

of data storage in the frustrated magnets is ine�cient because it requires a long waiting

time at interrupting points [222, 225, 226]. Therefore one has to look for alternative

routes based on thermal manipulation that can contribute to the future development of

thermal memory cell. In this context, spin cluster glass systems are the classic example,

133
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acquiring exotic features of frustrated systems [54]. Furthermore, the unconventional dy-

namics of these systems under cyclic temperature change experiments can be potentially

used in the thermal memory cell to make it feasible [227].

It is clear from Chapter 3 and 4 that the pristine Ca3Co2O6 exhibits characteristic fea-

tures of glassy systems, and the unconventional dynamics of this system has the potential

to contribute to the future development of thermal memory cell. However, as suggested

by magnetic (Dy) and non-magnetic (Mg) dopant e�ects, the glassy feature is gradually

suppressed with the doping content. Therefore, in order to make thermal memory cell

feasible, the disorder in this system should be introduced in a di�erent way other than the

geometrical and magnetic frustration so that the glassy feature may enhanced. It is well

known that the magnetic properties of glassy systems are a�ected by the relative strength

of the competitive interactions. However, in an earlier report for Ca3Co2�xMnxO6, the

increased relaxation time for intermediate Mn-compositions has been attributed to the

e�ect of chemical disorder [131]. Therefore, with impurity substitution in Ca3Co2O6,

the interplay of competing magnetic interactions and chemical disorder e�ects become

crucial for glassy features [119, 125, 131, 133, 141]. The challenging issue in this com-

pound is the single-phase synthesis of doped samples to explore the new mechanism of

in-site originated disorder, which provides a plethora of anisotropy types. In this work,

we have chosen Bi3+ ion in the replacement of the Co3+ ion, which has the same valence

as the Co ions but a di�erent ionic radius, due to which we could expect bond random-

ness e�ect. Here, we proposed an alternative route for thermal manipulation used in the

thermal memory cell and compared it with the conventional ones. Our results suggested

that multilevel data processing will become much more e�cient and faster by using the

proposed route. Furthermore, the enhanced glassy features with Bi substitution in this

system will lead to a viable thermal memory cell.

We observed a low temperature glassy phase manifested through a clear memory e�ect

and rejuvenation of magnetic relaxation under negative temperature cycle. Simultaneous

Rietveld re�nement of XRD data con�rmed that the Bi3+ ion was doped at trigonal

prism site, 6a (0, 0, 1/4) of Co. It is found that the glassy feature is robust over a

wide range of Bi content, enabling the degeneracy in the magnetic ground state and

large tunable ground state features. Additionally, the increment in glassy feature due
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to Bi substitution is attributed to the hybridization between the Co3+(3d)/Bi3+(6s)

orbital with the O2�(2p) orbital as a result of lattice distortion introduced by the random

variation of Co1-O-Co2 bond-angle and Co1/Co2-O bond-lengths. We also depict here

that the value of the relaxed magnetization follows a unique path for each temperature

below the phase transition temperature (T c2) for pristine Ca3Co2O6 and its substituents.

Here we propose a way to access these paths by cyclic thermal manipulations. Thus the

magnetization corresponding to each temperature below T c2 can be utilized in multilevel

data storage that has a potential application in the thermal memory cell. Furthermore,

these results were compared with another route used in the thermal memory cell and

were proven more e�cient and faster than the latter one.

5.1 Experimental Details

The high purity CaCO3, Co3O4, and Bi2O3 powders were taken in stoichiometric amounts

to prepare the polycrystalline Ca3Co2�xBixO6 samples, followed by grinding these reagents

using an agate mortar pestle to obtain a homogeneous mixture. The raw powders were

heat treated at 1173 K for 24 h, then pelletized in cylindrical form having thickness 1

mm and diameter of 10 mm using a hydraulic press. These pellets were subjected to

sintering at 1273 K for 48 h.

X-ray di�raction patterns of the prepared samples were obtained using a Rigaku X-

ray di�ractometer (TTRAX III) operating at 40 kV, 125 mA with CuKα radiation (λ

= 1.5406 Å) from scattering angle (2θ) 10 to 80◦. Microstructural images were taken

using ZEISS made Field Emission Scanning Electron Microscope. The magnetization

measurements were performed using a PPMS DynaCool system that utilizes a vibrating

sample magnetometer. We have followed zero-�eld-cooled and �eld-cooled protocols. In

the ZFC protocol, the samples were cooled under zero �eld (300 to 2 K). The external

magnetic �eld was applied at 2 K, and the data were taken during the warming-up cycle.

In FC condition, the samples were cooled under the same applied �eld used for ZFC,

and after reaching 2 K, the magnetization data were taken with increasing temperature.
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5.2 Computational Details

The electronic and magnetic structures of Ca3Co1.833Bi0.167O6 have been explored by

DFT calculations using the projector augmented wave method in VASP [161, 163, 215�

217]. The exchange and correlation energy of electron interaction have been treated

by the generalized gradient approximation method with the PBE potential [174]. Fur-

thermore, a rotationally invariant formulation by Dudarev et al. (DFT+U ) has been

adopted to include on-site Coulomb interactions [180]. In the calculations, the Coulomb

interaction term (U ) and Hund's coupling parameter (J ) for Co atoms are considered to

be 2.0 eV and 0 eV, respectively.

In this work, we prepared a supercell consisting of 66 atoms (18 Ca, 6 Co1, 5 Co2, 1 Bi,

and 36 O), and the basic structural parameters required to run these calculations were

obtained from Rietveld re�nement of XRD data. The plane wave cut-o� energy was

set to 600 eV, and self-consistency runs were performed over a gamma-centered k -point

mesh (4×4×4) with total energy convergence criteria 10�6 eV. For the density of states

calculations, we used a dense k -point mesh (6×6×6), and the k -point integration was

performed using the tetrahedron method with Blöchl corrections [218]. Furthermore, the

band structure of these systems has been calculated along the high symmetry k -point

path in the irreducible Brillouin zone.

5.3 Experimental Results

5.3.1 Structure

The structural features of the synthesized powder samples were accessed through X-ray

di�raction measurements. XRD data were analyzed by the Rietveld re�nement technique

implemented in the FullProf software. In the crystal structure of Ca3Co2O6, the atomic

positions of Co1 and Co2 are set to octahedral 6b and trigonal 6a sites, respectively.

Rietveld re�nement was carried out for these samples with substituted Bi atoms at the

6a site. Trials have also been made to re�ne the XRD pattern by placing the Bi atoms

to the 6b site, but the occupancy of Bi is negative, indicating the di�culty of Bi atom to
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Figure 5.1: Room temperature X-ray di�raction patterns for Ca3Co2�xBixO6 sam-
ples Yobs, re�ned by the Rietveld method. The solid red line represents the calculated

intensity pattern (Ycalc).

occupy 6b site. Since the bond activation energy of Bi-O bonds is much higher than that

of Co-O bonds due to the large size of Bi-ions. Thus, instead of occupying the Co3+(6a)

site, some Bi-ions can enter the lattice at the interstitial sites. So, by substituting Bi3+

for Co3+(6a), we expect a bond-randomness e�ect because of the same valence and the

di�erent ion size. Fig. 5.1 presents the graphical output of the Rietveld re�nement

performed to the acquired XRD pattern of the Ca3Co2�xBixO6 (x = 0.05, 0.1, 0.15, and

0.2) samples. The obtained XRD patterns were well indexed within the rhombohedral

Bravais lattices of space group R3̄c (Fig. 5.1), con�rming a solid solution in the range 0

≤ x ≤ 0.2.

Crystallographic data derived from the Rietveld �tting and the reliability parameter

of the re�nement (Rwp, Rexp, and χ2) are listed in Table 5.1. It was observed that

the lattice parameters a and c increase with Bi content and attain a maximum value

for x = 0.15 sample above this concentration; both of them decrease (Table 5.1). The

monotonous increase in the lattice constant for the �rst three samples of the present
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Figure 5.2: Variation in the (a) lattice parameters and associated (b) bond lengths
and bond angles with the content of Bi for Ca3Co2�xBixO6 samples.

series is consistent with the large ionic radius of Bi3+ ion. However, the decreased

value of both a and c for the x = 0.2 sample is quite unusual. To get a deeper insight

into this, the bond-length and bond-angle analysis has been done using VESTA software.

Table 5.1 contains the intra-chain (Co1-Co2) and inter-chain (Co2-Co2) bond-lengths and

selected bond-angle for all the samples. Similar to the lattice constant, the intra-chain

and inter-chain bond length has shown unusual dependence on Bi content (Fig. 5.2(b)).
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Table 5.1: Lattice parameters a, c, intra-chain (Co1-Co2) and inter-chain (Co2-Co2)
bond-length, bond-angle (Co1-O-Co2), and reliability parameter of the re�nement for

Ca3Co2�xBixO6 samples.

a c Co1-Co2 Co2-Co2 Bond-angle Rwp Rexp χ2

x (±0.001 Å) (±0.001 Å) (±0.001 Å) (±0.001 Å) (◦) (%) (%)

(intra-chain) (inter-chain) (Co1-O-Co2)

0.05 9.081 10.391 2.598 5.522 79 6.21 5.19 1.43

0.1 9.084 10.395 2.599 5.523 78.7 12.28 8.43 2.12

0.15 9.085 10.396 2.599 5.524 79.7 13.08 9.05 2.09

0.2 9.084 10.395 2.599 5.523 78.9 15.3 9.8 2.44

Figure 5.3: FESEM images for Ca3Co2�xBixO6 samples (a) x = 0.05 and (b) x =
0.1. The particle size histogram is shown on the right side and �tted to log-normal

distribution (black curve).

The inter-chain bond length increases monotonously for the �rst three samples of the

present series and decreases for x = 0.2. However, the intra-chain bond length remains

independent of Bi substitution (Fig. 5.2(b)). Thus, these results indicate that with the

Bi substitution, a relatively more signi�cant distortion occurs along the ab-plane than the

c-axis. One of the crucial �ndings from these results is that the intra-chain Co1-O-Co2

bond angle varies in an unusual manner with Bi-content (Fig. 5.2(b)), which indicates
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Figure 5.4: EDS spectra for Ca3Co1.9Bi0.1O6 sample.

the presence of broken or random bonds due to Bi substitution. So, bond-randomness

e�ects should be anticipated by substituting Bi3+ for Co3+(6a) due to the same valence

but a di�erent ion size. The bond randomness e�ect may directly in�uence the exchange

interaction mediated through oxygen atoms between the magnetic ions.

Fig. 5.3 displays the FESEM micrograph of the two members of the series (x = 0.05

and 0.1). For the parent compound, it was shown that the grains are spherical in shape,

and their distribution is relatively uniform with a considerable amount of porosity (Fig.

3.4). However, it is clearly seen from Fig. 5.3 that the grain morphology and boundary

have been changed with the substitution of Bi. The substituted samples have a relatively

TH-3248_176121101



Chapter 5: Ca3Co2�xBixO6: Chemical disorder e�ect and Multilevel thermal memory

cell 141

high-density microstructure, and they are almost void-free. The particle size distribution

has been deduced from the FESEM micrograph, and it �ts rather well with a log-normal

function. From the particle size histogram shown in Fig. 5.3, it is found that the average

particle size increases from 2.3 µm for x = 0.05 sample to 6.5 µm for x = 0.1 sample.

Fig. 5.4 depicts the energy dispersive spectra for the Ca3Co1.9Bi0.1O6 sample. It con-

�rms the presence of Ca, Co, Bi, and O in the synthesized samples. No other traceable

impurities were detected within the resolution limit of EDS. Further analysis con�rmed

that the obtained elemental percentages are comparable to their nominal values.

5.3.2 Temperature dependence of magnetization

Magnetization data were recorded with temperature using zero �eld-cooled and �eld-

cooled conditions under an applied magnetic �eld of 1000 Oe (Fig. 5.5). These curves

have a characteristic shape and exhibit similar features. The magnetization curves show

an upward trend below 25 K, accompanied by the bifurcation of ZFC-FC curves at 16 K.

The divergence of ZFC-FC curves for low temperatures indicates a history dependence

on the magnetization process. Below 16 K, the ZFC curve attains a maximum, while

the FC magnetization continues to rise with decreasing temperature, a characteristic

feature of the glassy systems. The small magnetization response in the low-temperature

ZFC curves demonstrates that the applied magnetic �eld is not strong enough to rotate

the spins in the direction of �eld, which is indicative of a highly anisotropic system.

For a homogeneous spin-glass, the FC curve is almost �at for T < T c2, while for the

interacting spin clusters (cluster-glass), the FC curve continues to rise with decreasing

temperature [228]. Thus, for our systems, the magnetization di�ers from that for a

homogeneous spin-glass (Fig. 5.5), and the increase in the FC magnetization below T c2

is due to the �nite range of inhomogeneous states. It is also clear from Fig. 5.5 that the

sharp peak in ZFC curves gets broadened with Bi-substitution and shifts towards higher

temperatures. Transition temperatures T c1 and T c2 were obtained from dM/dT vs. T

plot and listed in Table 5.2 (Fig. 5.6). The transition temperature T c2 increases with Bi

substitution while the T c1 decreases (Table 5.2). The increased T c2 with Bi substitution

in this system indicates the enhancement of glassy characteristics, while the decreased
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Figure 5.5: DC magnetization M-T curves under an applied magnetic �eld of 1000
Oe for Ca3Co2�xBixO6 samples. Inset shows the inverse susceptibility data �tted to

the Curie-Weiss law.

value of T c1 indicates the reduced ferromagnetic coupling along the chain due to Bi

substitution. We speculate that the bond-randomness e�ect arising from Bi substitution

randomly imbalances the relative strength of competitive ferromagnetic (intra-chain)

and antiferromagnetic (inter-chain) interactions in this system and might be the origin

of this feature. Thus, the progressive Bi3+ ion in the Co3+ ions chain destabilized the

magnetization along the chain, providing a way to short-range spin clusters, and to clarify

it, magnetic relaxation measurements are necessary. The non-zero value of dM/dT in

the high-temperature region (25 K � 150 K) indicates the presence of weak ferromagnetic

correlation in the paramagnetic region (Fig. 5.6).

Inset of Fig. 5.5 shows the plot of inverse susceptibility data as a function of temper-

ature. In the high-temperature region (150 � 300 K), the susceptibility data obeys the

Curie-Weiss law (Eq. 3.1). Based on the obtained value of molar Curie constant Cmol,

the e�ective magnetic moment was calculated using µe� = (3CmolkB/NAµ
2
B)

1/2, where

kB, NA, and µB are Boltzmann constant, Avogadro number, and Bohr magneton, re-

spectively. The estimated values of µe� and θ are given in Table 5.2. The calculated
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Figure 5.6: dM/dT vs. T plot for Ca3Co2�xBixO6 samples (x = 0 and 0.2) where
the transition temperatures were marked by arrows.

value of µe� and θ for the parent compound are 5.6 µB and 31 K, respectively (Table

3.2). The positive value of θ suggested that the dominant interaction is ferromagnetic.

As anticipated from Bi3+ substitution (non-magnetic), µe� decreases monotonously with

the content of Bi (Table 5.2). On the other hand, the variation in Curie temperature

has no systematic trend with the content of Bi. Initially, it decreases from 35 K for

the x = 0.05 sample to 26 K for the x = 0.15 sample, and then it begins to rise with

the Bi concentration. This complex behavior of θ typically arises due to the onset of

ferromagnetic interaction in the paramagnetic matrix (Fig. 5.6).

5.3.3 Field dependence of magnetization

Fig. 5.7 shows the isothermal M-H curves of the Ca3Co2�xBixO6 samples measured

at 2 K and 10 K. In the low-�eld region (10 K), the magnetization exhibits a nearly

linear relation with the �eld and tends to saturate, characterizing the ferrimagnetic state

[200]. With further increase in the magnetic �eld H > H c, the magnetization takes

a sharp upturn that corresponds to ferromagnetic con�guration [200]. Moreover, the

curves do not saturate for the maximum applied magnetic �eld of 9 T, indicating the

random orientation of magnetization with respect to the �eld. It is worth noting that the
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Figure 5.7: Isothermal M-H curves measured at 2 K (black line) and 10 K (red line)
for Ca3Co2�xBixO6 samples.

transition at H c accompanied by measurable hysteresis on decreasing the �eld con�rms

the �rst-order nature. This behavior is similar to that for the parent compound except for

a slight di�erence in the H c (3.4 T) and a relatively smooth transition compared to that

for the parent compound. It was observed that the nature of curves remains unchanged

across the series, and all the curves show signi�cant hysteresis, which decreases with the

increase in temperature.

In addition, it was also observed that the virgin curve (2 K) lies below the envelope

curve for a �eld H > 3.8 T. It gives evidence for the metastability of the system related

to the arrest of dynamics in a spin system. It usually occurs in the frustrated magnets

having degeneracy in the ground state, so spins are rearranged with the application of

an external magnetic �eld. Thus, the phenomenon of the virgin curve lying below the

envelope for H > H c can be explained by the �eld-driven transition at H = H c. In the

isothermal �eld increasing cycle, the starting point is a ferrimagnetic (↑↑↓) con�guration

of spin chains. It is converted to a ferromagnetic (↑↑↑) con�guration of spin chains when

the system is exposed to a �eld H > H c. On the �eld decreasing cycle (9 T to 0 T), the
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Table 5.2: The transition temperatures (T c1 and T c2), e�ective magnetic moment,
Curie-temperature, relaxation time, and critical exponent for Ca3Co2�xBixO6 samples.

x T c1 T c2 µe� θ τ n

(K) (K) (µB) (K) (sec)

0.05 24 9.6 5.3 35 1092 0.54

0.1 23 10.3 5.2 33 1120 0.53

0.15 23 10.6 5.1 26 1446 0.52

0.2 22 11.2 5.0 31 1422 0.53

initial con�guration (↑↑↓) is not recovered due to the dynamic arrest of the ferromagnetic

(↑↑↑) con�guration. This state is carried over during the next isothermal �eld-increasing

cycle giving rise to a higher magnetization value on the envelope curve.

5.3.4 Magnetic dynamics

We now discuss the non-equilibrium dynamics of these systems, which is decided by

various measuring protocols. We �rst performed the ZFC magnetic relaxation to study

the dynamic behavior of these samples. The samples were cooled from the paramagnetic

region (300 K) to 3 K without applying an external magnetic �eld. Once the temperature

was stabilized at 3 K, the samples were magnetized under an applied magnetic �eld of

9 T for a short duration (60 sec). After switching o� the magnetic �eld, the drop in the

remanent magnetization was recorded with time (Fig. 5.8). The relaxation behavior of

these samples is logarithmically slow (Fig. 5.8), which suggests a slow approach of the

system towards thermal equilibrium and broad distribution of spin-relaxation time. The

stretched exponential relaxation function (Eq. 3.6) is most often used to describe the

relaxation dynamics of glassy systems. The values of τ and n are associated with the

nature of the energy barriers involved in the relaxation. Generally, for interacting spin

clusters, n lies between 0 and 1. Moreover, for a �xed value of n, a larger value of τ

means the magnetization relaxes slowly. The solid line in Fig. 5.8 shows the stretched

exponential relaxation function �tting in the experimental data where a slight deviation

was observed up to 100 sec. Above this, the relaxation behavior was well described by

the stretched exponential relaxation function. The inset of Fig. 5.8 depicts the variation
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Figure 5.8: ZFC magnetic relaxation at 3 K for Ca3Co2�xBixO6 samples. The
stretched exponential relaxation function �t to the experimental data is represented

by the solid line. Inset shows the variation in τ and n with the content of Bi.

of �tted parameters relaxation time τ and critical exponent n with the content of Bi.

The deduced value of n lies in the range of 0.52 to 0.55 (Table 5.2), indicating the system

evolves through several intermediate metastable states. One of the important �ndings

from these results is that the τ value for Bi-substituted compounds (x = 0.15 and 0.2)

is higher than that for the pristine Ca3Co2O6 (1366 sec), which con�rms the enhanced

glassy characteristics for Bi-substituted compounds. These results are consistent with

the increased value of T c2 for Bi-doped samples; however, both the τ and n show an

unusual relationship with the content of Bi (see inset of Fig. 5.8).

5.3.5 Memory and rejuvenation e�ects

Memory e�ect is another most spectacular manifestation of the non-equilibrium phe-

nomenon occurring in frustrated spin systems studied by the FC aging protocol. The

samples were �eld cooled (100 Oe) to 6 K, and the magnetization was measured with

temperature. At this temperature, the cooling process was interrupted, and the systems
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Figure 5.9: Temperature dependence of DC magnetization of Ca3Co2�xBixO6 sam-
ples measured under an applied �eld of 100 Oe in three di�erent cycles as labeled in
the plot. In the IFCC curve, the �eld was set to zero during the stop at T = 6 K for

5400 sec.

were allowed to relax by switching o� the magnetic �eld for a duration ts = 5400 sec.

After the waiting time of 5400 sec, the same magnetic �eld was reapplied, and the FC

process was resumed. The magnetization curve generated by following this procedure is

called the interrupted �eld cooled cooling (IFCC) curve (Fig. 5.9). On reaching the base

temperature (2 K), the magnetization data was re-recorded while warming the sample

under the same �eld (100 Oe), denoted by the memory (Fig. 5.9). For reference, the

�eld-cooled warming (FCW) curve under the same applied magnetic �eld was taken.

The reproduced step on the memory curve at the interrupting point (6 K) demonstrates

the memory of the system (Fig. 5.9). Such a phenomenon is associated with hindering

magnetization recovery and is primarily attributed to the distribution of energy barriers.

It is the conventional route used in thermal memory cell where aging is required for

a long duration (5400 sec) at interrupting points to store the information [222]. Thus

alternative ways of data storage based on thermal manipulation are necessary to make

it feasible. We have performed these experiments for di�erent magnetic �eld values and
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Figure 5.10: Demonstration of memory e�ect in the Ca3Co2�xBixO6 samples under
an applied magnetic �eld of 500 Oe.

found that the memory intensity decreases with increasing �eld (Fig. 5.10).

In order to look for alternative routes of thermal manipulation, the magnetic relaxation

measurements were performed under a negative temperature cycle. Initially, the samples

were cooled to 6 K under a 100 Oe external magnetic �eld. The applied �eld was removed

when the temperature stabilized at 6 K, and the magnetization data was taken with time

for 5400 sec. The relaxation process was followed by a cyclic change of temperature (1

K/min temperature ramp rate) between 2 K and 6 K and taking the relaxation data

at these temperatures for a time td (td = 900 sec for the parent compound and 450

sec for others) designated as memory in Fig. 5.11. It is evident from Fig. 5.11 that

when the temperature was restored to the initial value (6 K), the relaxation curve was

in continuance with its previous relaxation state at 6 K. Thus, the temporary cooling

to 2 K does not erase the memory in FC relaxation for all the systems, demonstrating

the rejuvenation phenomenon in magnetic relaxation. Furthermore, the rejuvenation

phenomenon under negative temperature cycle was also shown for taking the relaxation

measurement at a di�erent temperature (8 K) and temporary cooling temperatures (6
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Figure 5.11: Magnetic relaxation experiments under negative temperature cycle for
Ca3Co2�xBixO6 samples. The solid black line represents the temperature status with
time during the measurement. The solid green line represents the uninterrupted mag-
netic relaxation curve at 6 K used for the reference. At the left corner of Figs. (a) and
(d), the H and L represent the magnetization beyond 5400 sec for T = 6 K and 2 K,

respectively.

K and 2 K) (Fig. 5.12(a)). In addition, this feature was further tested by changing

the temperature ramp rate during the temperature cycle (Fig. 5.12(b)). The observed

results show that the rejuvenation phenomenon in magnetic relaxation is robust against

the change in the temporary cooling temperature and ramp rates (Figs. 5.12(a) and (b)).

Similar to the negative temperature cycle, the magnetic relaxation measurements were

also performed for the positive temperature cycle, where the samples were �eld cooled

(100 Oe) to 2 K. Magnetic relaxation data was taken with time after switching o�

the magnetic �eld at 2 K (Figs. 5.12(c) and (d)). In order to generate the memory

curve, the same cyclic temperature protocol used in the negative temperature cycle was

employed (2 K ↔ 6 K) (Figs. 5.12(c) and (d)). Unlike the negative temperature cycle,

no rejuvenation and memory e�ects were observed for the �rst cycle in the magnetic

relaxation experiments under positive temperature cycle.
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Figure 5.12: (a) Magnetic relaxation experiment under negative temperature cycle
at di�erent temporary cooling temperatures (8 K, 6 K, and 2 K) for Ca3Co2O6, where
the H, M, and L represent the magnetization beyond 5400 sec for T = 8 K, 6 K, and
2 K, respectively. (b) Relaxation experiments at di�erent ramp rates during negative
temperature cycle for Ca3Co2O6. (c) and (d) Magnetic relaxation experiments under

positive temperature cycle for Ca3Co2�xBixO6 samples.

The asymmetric relaxation nature below T c2 for negative and positive temperature cycles

can be explained by the well-separated hierarchically organized temperature-dependent

metastable states with equal magnetization, commonly known as the hierarchical glass

model [229]. This model is based on the multi-valleyed nature of the free energy land-

scape below T c2. The valleys in this landscape merges/splits into the new sub-valleys

depending on the heating/cooling cycle of temperature (6 K ↔ 2 K). In the negative

temperature cycle (6 K→ 2 K), the free energy landscape �rst splits into new sub-valleys

(Fig. 5.13). The relaxations observed occur in the sub-valleys of this new scenario of the

landscape. When the temperature is cycled back to its initial value (2 K → 6 K), the

sub-valleys get merged, and the initial energy landscape is restored. Thus, the magne-

tization dynamics are recovered in this original landscape for the negative temperature

cycle. Therefore, for this process, the energy barriers between the metastable states

corresponding to the actual landscape are so high that the system cannot crossover the
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Figure 5.13: Splitting of two free-energy landscapes E and E′ according to hierarchical
model of glassy phase under negative temperature cycle.

barrier during the time td. On the other hand, the �rst step for the positive temperature

cycle (2 K → 6 K) corresponds to coalescing of multi-valleys in the energy landscape.

When the temperature is restored (6 K → 2 K), although the free energy landscape is

recovered, but the population of each valley does not remain the same as before. There-

fore, there is an asymmetric nature of the cooling and heating cycles for large change in

temperature.

5.4 Density Functional Theory Calculations

In view of the proposed magnetic structures from the experimental data, we have done a

thorough understanding of spin and electronic structure of the Bi-substituted compound

by �rst-principles-based DFT calculations. The computational and structural parame-

ters used in these calculations are mentioned in Section 5.2. The experimentally proposed

magnetic structures in the triangular lattice arrangement are PDA, ferrimagnetic, and

TH-3248_176121101



Chapter 5: Ca3Co2�xBixO6: Chemical disorder e�ect and Multilevel thermal memory

cell 152

ferromagnetic (see Fig. 1.13). In the PDA structure, the two chains are antiferromagnet-

ically coupled, and the third chain remains disordered (see Fig. 1.13). The ferrimagnetic

structure corresponds to the up-up-down (↑↑↓) con�guration among chains, while the

ferromagnetic structure corresponds to the up-up-up (↑↑↑) con�guration. By comparing

the energies corresponding to these con�gurations, we can predict the magnetic ground

state. Our calculations suggested that the ferromagnetic up-up-up con�guration is the

most stable structure for our system, with a minimal di�erence between energies (∆E r)

for PDA and ferrimagnetic con�guration (Table 5.3).

5.4.1 Density of states

Fig. 5.14 depicts the total density of states for these compounds in the energy range

-8.0 eV to +8.0 eV. The EF for the Bi substituted compound is 5.4 eV. It is found that

the Bi-substituted compound shows an insulator/semiconductor-type behavior, which is

Figure 5.14: Calculated total DOS for Ca3Co1.833Bi0.167O6, where the EF is set at
zero. The ↑ and ↓ stand for the spin-up and spin-down states.

similar to that for the parent compound Ca3Co2O6 (Fig. 4.13(a)). Further analysis from

site projected DOS revealed that the near the EF region is dominated by the Co-3d and

O-2p electrons (Fig. 5.14). It is interesting to note that near the EF, the contribution of

O-2p electrons in the DOS is approximately equal to that for the Co-3d electrons. Thus,

the hybridization of Co-3d electrons with O-2p electrons will be substantially large.
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Figure 5.15: The d -orbital projected partial DOS of Co2 atom in
Ca3Co1.833Bi0.167O6. The ↑ and ↓ stand for the spin-up and spin-down states.

Figure 5.16: Schematic representation of d -orbital occupancy of Co2 atom for
Ca3Co1.833Bi0.167O6.

In order to have a deeper insight into the spin structure of this system, we have calculated

the spin-polarized orbital projected DOS of Co2 atoms, which con�rms the high spin

state of Co2 atom in trigonal prism environment (Fig. 5.15). Based on it, we propose

the electronic con�guration of the Co atom at the trigonal prism site (Fig. 5.16). The

DOS results for spin up channel suggested that for Bi substitution, the �rst �ve electrons

to be �lled in dz2 (↑), dx2�y2 (↑), dxy (↑), dxz (↑), and dyz (↑) spin-orbits, and the sixth

electron occupies the dz2 (↓) spin-orbit (Fig. 5.16). It con�rms the high spin state of

the Co3+ ion at the trigonal prism site. The calculated magnetic moment at each site

is summarized in Table 5.3. These results indicate that the net magnetic moment of the
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Table 5.3: Relative energies of di�erent con�gurations among spin chains with respect
to the ferromagnetic con�guration. The calculated magnetic moment at each site of

Co1, Co2, and O for Ca3Co1.833Bi0.167O6.

Relative energy (∆E r) Magnetic moment

Con�guration ∆E r (meV) Atom Moment (µB)

Ferromagnetic 0 Co1 0.04

PDA 12 Co2 2.88

Ferrimagnetic 21 O 0.13

Figure 5.17: Band structure along the speci�ed k -point direction in the �rst Brillouin
zone for Ca3Co1.833Bi0.167O6.

system is mainly attributed to the high spin Co2 atoms. However, we observed a non-

zero magnetic moment at the O site (Table 5.3), which is due to hybridization between

Co-3d and O-2p states.

5.4.2 Band structure

It is clear from orbital projected DOS calculations that the magnetic and electronic

structure remains unaltered with Bi substitutions. In order to have a deeper insight

into the electronic structure of the system, we investigated the band structure of these

systems. Fig. 5.17 shows the band structure of Bi substituted compound along high-

symmetry direction of irreducible Brillouin zone. It consists of the conduction band and

the valence band, where the Fermi level is set at zero (here the conduction band and

valence band refer to the band above and below the Fermi level, respectively). We have
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found a direct band gap of 1.05 eV at L-point. Unlike the Mg substitution, no band

crossing was observed for the Bi substitution, and the band pro�le looks similar to that

for the parent compound (Fig. 4.15).

5.5 Discussion

In spin-frustrated systems, the characteristic features depend on lattice distortion, dipole-

dipole interaction, crystal �eld e�ects, strength of exchange anisotropy, and surface spin

disorder. It is evident from the XRD and magnetization results that the Bi-substitution

has a considerable in�uence on the structural and magnetic properties, due to which

the key parameters vary randomly. This behavior can be studied on the basis of two

di�erent aspects introduced by the Bi-ion substitution. The most common one is the

reduced ferromagnetic character due to the presence of non-magnetic Bi-ions in the

chain of Co1-Co2-Co1-Co2 ions. The reduced magnetization, T c1, and decreased in-

�eld transition strongly favor it. On the other hand, the increased value of T c2 and

τ for intermediate Bi-substituted compounds is contrary to this (Table 5.2). Thus, to

have a deeper insight into this, the second aspect of Bi-substitution, i.e., structural

distortion, should be included. From the structural analysis, it is clear that the Bi-

substitution led to increased crystallite size and lattice expansion, causing distortion

of the lattice. In Bi-ion, the lone pair arises as a result of hybridization of 6s and

6p atomic orbitals with 6s2 electrons. The 6s2 lone pair of Bi3+ ions hybridize with

O-2p orbitals that lead to a covalent character of Bi-O bonds as well as change in Bi-

O bond lengths, which can be seen from the random variation of bond-lengths and

bond-angles with Bi-content (Table 5.1). Theoretical results based on �rst-principles

calculations also suggested strong hybridization between Co-3d and O-2p electrons of

the Bi-substituted compound (Fig. 5.14). The energy of this hybridization is much

larger than the spin-orbit-coupling and coulomb correlation, due to which the variation

of exchange interactions with Bi-substitution prevents the long-range ordered states in

the system. Thus, the increased value of T c2 and τ with the content of Bi is likely a

consequence of hybridization between the Co(3d)/Bi(6s) and O-2p orbitals and increased

magnetocrystalline anisotropy.
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The observed results from the magnetization measurements suggested the origin of glassy

feature in these systems is due to the combined e�ect of frustration, degeneracy in the

ground state, and chemical disorder e�ects. Geometrical frustration in such systems is an-

ticipated because of the triangular lattice arrangement, while magnetic frustration arises

due to the competitive ferromagnetic (intra-chain) and antiferromagnetic (inter-chain)

coupling. The unsaturated magnetic moment and large coercivity (≈ 1.6 T) con�rm the

frustration and random anisotropy. Moreover, the multi-steps in the isothermal M-H

curves and the arrest of spin dynamics indicate the degeneracy in the magnetic ground

state. On the other hand, the increased relaxation time for intermediate Bi compositions

is attributed to the chemical disorder e�ect arising due to random variation of bond

length and bond angle with Bi content. Thus, because of the complex origin of glassy

features in these systems, the observed magnetization behavior for these systems is quite

di�erent from the conventional spin glass.

The memory and rejuvenation phenomena under cyclic temperature change indicate that

the spin structure grown at a particular temperature does not irreversibly in�uence by

the structure grown at di�erent temperatures [230]. These features are associated with

the inhomogeneous inter-cluster interactions among spins so that metastable states of

signi�cantly higher energies appear. In order to attain the ground state, the system has

to overcome these anisotropic energy barriers. Thus, the initial state remains trapped for

the negative temperature cycle (6 K → 2 K). In comparison, the system overcomes the

energy barriers for the positive temperature cycle (2 K → 6 K); hence, no rejuvenation

phenomenon was observed for the �rst cycle.

It is noticed from Fig. 5.11 that beyond the interrupting point (5400 sec), the magne-

tization corresponding to �xed temperatures 6 K and 2 K is almost constant, which is

denoted by high (H) and low (L) levels, respectively. These states are easily recover-

able in the temperature cycle experiments. Thus similar to the conventional route, the

digital information can be coded corresponding to these levels [222, 226]. This informa-

tion can be easily recovered by changing the temperature. Comparing with the previous

route to achieve thermal memory, which is ine�cient due to the long waiting time at

the interrupting point (Fig. 5.9), the observed magnetization behavior for our systems

has the potential to store the information in a short duration. Furthermore, from Fig.
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5.12(a), it is clear that multiple levels L, H, and medium (M), can be created by taking

relaxation measurements at three temporary cooling temperatures. It is important to

note that the observed feature is not limited to three levels, but more levels can be made

for multilevel data storage by including intermediate temperatures. The independence

of this reversible phenomenon on the temperature ramp rate further makes the process

faster (Fig. 5.12(b)).

In view of the technological importance, the viability of the storage media is one of

the most crucial factors. A recent mean-�eld study of spin-glass for large system sizes

suggested non-ergodicity in aging [231], indicating that the equilibrium will never be

reached within the time window accessible by the experiments. The magnetic relaxation

measurements under negative temperature cycle strongly favor these �ndings where the

system does not overcome the trapped state even after changing the temperature (Fig.

5.11). Furthermore, Fig. 5.11 also depicts the non-volatility of the memory in these

systems below T c2. Therefore, the Ca3Co2O6 system can be potentially used as a

multilevel storage media based on thermal manipulation. Enhanced glassy feature with

Bi substitution further makes the thermal memory cell more feasible.

5.6 Conclusion

We prepared polycrystalline samples of Ca3Co2�xBixO6 (x = 0, 0.05, 0.1, 0.15, and 0.2)

by standard solid-state reaction method and proposed a new route of multilevel storage

based on thermal manipulation that can be utilized in thermal memory cell to make

it feasible. Rietveld re�nement of XRD data con�rms the single-phase formation, and

the compound crystallizes in the rhombohedral structure with space group R3̄c. The

bond-length analysis indicates the interplay of reduced dimensionality and bond ran-

domness e�ect. Magnetic properties were found to be sensitive to Bi-substitution, due

to which the T c1 decreases while the T c2 increases. The µe� decreases monotonously

with Bi-content, while θ shows unusual dependence on Bi-concentration. The phenom-

ena of virgin M-H curves lying outside the M-H loop suggested the kinetic arrest of spin

dynamics of the system. The cyclic temperature experiments have been performed to

demonstrate the recurrence in the multilevels of the relaxed magnetization paths, which
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was not noticed earlier. The exquisite reproducibility of relaxed magnetization as a func-

tion of temperature under a non-equilibrium phase makes such a phenomenon unique.

We showed that the information could be stored in terms of a constant magnetization

value corresponding to each temperature below T c2, which is easily recoverable with

temperature cycling. Our results suggested that this new approach will be much more

e�cient than the reported ones and has the potential to make thermal memory devices

faster and stable. This work will lead to the exploration in a variety of such materi-

als having non-ergodicity as a possible route of thermal memory storage which should

eventually lead a new outlook towards data storage.
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Chapter 6

Summary and Conclusions

Study of the substitution e�ects of both magnetic and non-magnetic dopants in the

various properties of the strongly correlated pseudo-1D spin chain compounds, includ-

ing both theoretical and experimental aspects, to understand the underlying physics,

is summarized in this chapter. Here we present the di�erent aspects of magnetism and

magnetic frustration arising due to magnetic and non-magnetic dopants in the spin struc-

ture, glassy behavior, and low dimensional characteristics of the system by a combined

discussion on the structural features, static magnetic properties, dynamic magnetic be-

havior, and �rst-principles study. We also highlight the technological importance of the

magnetically frustrated low-dimensional system in the thermal memory cell.

The present thesis discusses the structural, magnetic, and electronic properties of the

substituted compounds Ca3�xDyxCo2O6 (x = 0, 0.1, 0.2, and 0.3), Ca3Co2�xMgxO6 (x

= 0, 0.05, 0.1, 0.15, and 0.2), and Ca3Co2�xBixO6 (x = 0.05, 0.1, 0.15, and 0.2). The

Dy3+ ion has an ionic radius lower than the Ca2+ ion; therefore, with the substitution of

Dy in this system, lattice shrinkage should be anticipated. However, the results obtained

from the Rietveld re�nement of X-ray di�raction data are contrary to this. The reduction

of the Co3+ ion to Co2+ ion to maintain the charge neutrality with Dy substitution in

this system may be the possible reason for this unusual trend because the Co2+ ion has

159
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a large ionic radius compared to the Co3+ ion. In addition, the Dy substitution leads to

the increased separation of intra-chain magnetic ions while the inter-chain bond length

decreases, which results in the reduced 1D character of the system. On the other hand,

the characteristic features of the system remain preserved when the magnetic Co3+ site is

doped with non-magnetic Mg2+ ions. The possible reason for such feature is the similar

ionic radius of Mg2+ and Co3+ ions. However, the Mg2+ ion has a lower valence than the

Co3+ ion; therefore, we could expect a hole-type substitution of Mg in this system. In

addition to the higher (Dy3+) and lower (Mg2+) valence ion substitution in this system,

we have also tried to in�uence its structural features by another non-magnetic dopant

(Bi) of the same valence as the Co ion. The key advantage of Bi3+ ion substitution in

this system is the bond randomness e�ect that arises due to the similar valence but a

di�erent ionic radius for both the elements (Co and Bi). Furthermore, the large ionic

radius of Bi3+ ion compared to Co3+ ion leads to the increment in both a and c, which is

dissimilar to the substitution e�ect of Dy and Mg. Thus, the structural analysis based on

XRD results suggested three di�erent aspects of substitution e�ects in the magnetic and

electronic properties of the system, which requires a combined study to have a thorough

understanding of such systems.

In order to clarify the electronic structure of the system, we combined the results from

the X-ray photoelectron spectroscopy and the �rst-principle-based DFT calculations for

all the samples. As anticipated from the Dy3+ ions substitution in the replacement of

Ca2+ ions, the XPS results suggested that the relative percentage of Co2+ ions increases

with the content of Dy. On the other hand, the replacement of Co3+ ions by Mg2+

ions leads to partial transform of Co3+ ions into Co4+ ions. In the �rst-principles-based

DFT study, the parent compound Ca3Co2O6 displays insulator/semiconductor behavior

where no band crossing was observed at the Fermi level, and the band gap is 1.03 eV.

The Bi-substituted compound exhibits a similar band pro�le with a band gap of 1.05 eV.

On the other hand, band crossing at the Fermi level was observed for the Mg-substituted

compound, and a hole-type Fermi surface was formed. The shifting of Fermi level towards

the valence band also con�rms the hole-type substitution of Mg in this system. Thus

from these results, it is concluded that the Dy and Mg substitution in the Ca3Co2O6

system leads to the electron and hole-type doping e�ects, respectively. On the other
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hand, the electronic structure remains unaltered with the substitution of Bi, which has

the same valence as the Co ions.

Besides the substitution e�ect of electrons and holes in the electronic structure of the

system, the Co3+ ions in this system have the possibility of spin state transition when

doped with high or low valence ions. Understanding the electron and hole doping e�ects

in the net magnetism of the pseudo-1D systems thus requires a combined discussion on

the magnetic structures of these systems. The magnetization behavior for the parent

compound Ca3Co2O6 indicates highly anisotropic magnetic character and the signi�-

cantly large value of g signi�es the strong Ising-like features. For Dy substitution, the

transition temperatures T c1 monotonically decreases with the content of Dy while the

glassy feature is gradually suppressed. Such features originate from the reduced overlap

of dz2 orbitals of the intra-chain Co3+ (HS) ions that arise due to the elongation of the

c-axis with the Dy content. On the other hand, the transition temperatures remain un-

a�ected with the Mg content, primarily due to the unchanged structural parameters for

the Mg substitution. The Bi substitution in this system leads to the bond-randomness

e�ect, due to which the T c2 increases while the T c1 decreases. Such feature is at-

tributed to the random variation of the bond length and bond angle with the content of

Bi that randomly imbalances the inter-chain and intra-chain interactions, thereby pro-

viding frustration for the spin systems. In addition to the transition temperatures, the

�eld-induced e�ects are highly susceptible to structural features. With Dy substitution,

it is noticed that the H c decreases, and the �eld-induced step at H c smoothens out.

Similar results were also observed for the Bi-substituted compounds. However, for the

Mg substitution, the transition �elds remain unchanged, and the step-like transitions,

which is a characteristic feature of this pseudo-1D system, are robust and una�ected by

large Mg substitution. Based on these results, it is concluded that the key features of the

pseudo-1D systems remain unaltered as long as the low dimensionality relation holds. On

the other hand, for the Dy and Bi substituted compounds where the lattice parameters

vary drastically, the system loses its generality, and the characteristic low dimensional

features are smoothened out. Furthermore, with Mg substitution in this system, the

increased µe� with the content of non-magnetic ions is quite unusual. The increased

value of µe� was referred to the spin-state transition of Co3+ ion
(
S = 2→ S = 5

2

)
due
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to the hole-type substitution of Mg in this system, which was further con�rmed by the

XPS and �rst-principles-based results. It implies that substituting non-magnetic ions in

the pseudo-1D systems can also enhance the magnetic moment and directly connected

to the magnetism-related phenomena. However, for the Dy-doped systems, the large

paramagnetic moment of Dy3+ ions suppresses the contribution from the induced Co2+

ions. On the other hand, the Bi ion has the same valence as the Co ion; therefore, µe�

decreases monotonically with the content of Bi.

As the characteristic feature of this pseudo-1D system remains unaltered for Mg sub-

stitution, therefore for comparison, the magnetic structure of the parent and the Mg

substituted compounds are also studied in the context of change in entropy calculations

and Arrott plots. The obtained value of maximum entropy change and relative cooling

power for a �eld di�erence of 3 T is nearly -1.5 Jkg�1K�1 and 19.1 J/kg, respectively. At

the onset of the spin glass transition temperature (T c2), there is a sign reversal of ∆S,

indicating the coexistence of positive and negative magnetocaloric e�ect. Furthermore,

to construct the magnetic structure of the system, the �eld dependence of ∆S at di�er-

ent constant temperatures has been used to map the transition �elds. The Arrott plots

further added the description of the magnetic structure of the systems.

Non-ergodicity in the frustrated materials leads to various fascinating features that are

important from fundamental science and application perspectives. The dynamics of

these systems based on magnetic relaxation measurements suggested ergodicity break-

ing for parent Ca3Co2O6 and its Dy and Bi substituted compounds where the equi-

librium is far away from the measurable time in experiments. On the other hand, for

the Mg-substituted compound, the magnetization relaxes quickly. These results indi-

cate di�erent frustration mechanisms for the diluted spin chain systems. First of all,

frustration occurs in both geometrical and magnetic manner for the pristine Ca3Co2O6.

The geometrical frustration occurs due to the triangular lattice arrangement, while the

magnetic frustration originates from the competitive intra-chain ferromagnetic and inter-

chain antiferromagnetic interactions. For the Dy-doped system, the decreased overlap

of the dz2 orbit of intra-chain Co3+ ions reduces the ferromagnetic magnetic coupling

along the chain. Thus, the size of magnetic clusters forming the glassy state decreases.

Similarly, substituting non-magnetic Mg ions also reduces the intra-chain ferromagnetic
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coupling due to the consequence of antiferromagnetically coupled induced Co4+ ions and

the presence of non-magnetic Mg2+ ions in the chain of magnetic Co3+ ions. Thus, the

non-ergodic Ca3Co2O6 system switches to a weakly non-ergodic system by substituting

Mg. On the other hand, the relaxation time for a few of the Bi-substituted compounds

has been found higher than that for the parent Ca3Co2O6. Such features are related to

the intrinsic e�ects introduced by the substitution of Bi that produces in-site-originated

disorder leading to a plethora of anisotropy. Therefore, in addition to the conventional

geometrical and magnetic frustration, the chemical disorder e�ects arising due to Bi

substitution enhance the glassy features of the system.

Owing to the out-of-equilibrium dynamics, the frustrated magnets have potential appli-

cations in the thermal memory cell. It can be considered a future alternative to electronic

memory devices, which su�er performance degradation under harsh environments and

electromagnetic radiation. The common thing among digital storage media is that the

information is written in the memorizing medium with the help of an external �eld. For

example, electric DRAM, magnetic hard disks, or electromagnetic laser light on CDs.

Thus, magnetic storage can be a�ected under harsh environments and electromagnetic

radiation. Furthermore, the magnetic storage media are sensitive to temperature and

humidity and, therefore, can be in�uenced by thermal �uctuation. Here, in the case

of the thermal memory cell, the information reading, writing, and processing are purely

based on thermal manipulation, which is comparatively easily controllable. However, the

conventional route used in the thermal memory cell based on memory e�ect experiment

is ine�cient because it requires long waiting at interrupting point. Thus, alternative

methods based on thermal manipulation are necessary to make thermal memory cell

feasible that can contribute to its future development. Here, we proposed a new route of

multilevel storage based on the recurrence in the multilevel of the relaxed magnetization

paths below T c2. It is proven that this new route of multilevel storage will be much

more e�cient, faster, and stable than conventional ones. Thus this study will lead to

the exploration in a variety of such materials having non-ergodicity as a possible route

of thermal memory storage which should eventually lead a new outlook towards data

storage.
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Future Direction

Based on both the experimental and theoretical investigation of low dimensional frus-

trated magnets, this dissertation provides important insight into the tuneable magnetic

and electronic structures of the diluted (magnetic/non-magnetic) spin-chain system and,

using their non-equilibrium properties, lays the foundation of a new route of thermal

manipulation used in thermal memory cell that can make multilevel storage faster and

smoother. Thus this dissertation potentially opens up the scope for the further study of

fundamental aspects in diluted pseudo-1D systems using X-ray magnetic circular dichro-

ism and neutron di�raction. As the observed magnetization dynamics for parent and

Bi-substituted samples have technological importance, but their operating temperature

is quite low (6 K) therefore, the working temperatures need to be raised. Following are

a few remarks that are underway to have a more detailed understanding of puzzling

features of low dimensional magnets and can contribute to the future development of

thermal memory cell.

� The �rst-principles-based DFT calculation performed in this thesis has been done

using GGA + U approximation only. However, including the spin-orbit-coupling

contribution may enhance our understanding of this complicated system.

� The spin dynamics of these systems can be studied by ac susceptibility measure-

ments to understand the nature of energy barrier involved in the relaxation process.

� The observed results suggested semiconducting electron/hole-type doping for Dy/Mg

in this system. In order to clarify it, transport experiments are necessary for con-

clusive evidence of semiconducting electron/hole-type behavior.

� The working temperature for cyclic thermal manipulation can be raised by the sub-

stitution of transition metals (Ir, Rh, and Mn) or by preparing the nano-composite

of these samples.
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List of Abbreviation

SDW Spin-density Wave
LS Low-spin
HS High-spin
QTM Quantum Tunneling of Magnetization
CG Cluster-glass
PDA Partially Disordered Antiferromagnetic
CAFM Commensurate Antiferromagnetic
FESEM Field Emission Scanning Electron Microscope
XPS X-Ray Photoelectron Spectroscopy
PPMS Physical Property Measurement System
XRD X-ray Di�ractometer
∆EV Energy Gap
EV1

Vibrational Ground State
EV2

Vibrational Excited State
EDS Energy Dispersive X-ray Spectroscopy
VSM Vibrating Sample Magnetometer
ACMS II AC Measurement System
TTO Thermal Transport Option
LMT Linear Motor Transport
DFT Density Functional Theory
LDA Local Density Approximation
GGA Generalized Gradient Approximation
B88 Becke
PW91 Perdew and Wang
PBE Perdew, Burke, and Enzerhof
LYP Lee�Yang�Parr
SIC Self-interaction Correction
HF Hartree-Fock
FLL Fully Localized Limit
AMF Around Mean Field
PAW Projector Augmented Wave
NCPP Norm-Conserving Pseudopotentials
USPP Ultrasoft Pseudopotentials
VASP Vienna Ab initio Simulation Package
T 0 Vogel-Fulcher temperature
ZFC Zero Field Cooled
FC Field Cooled
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V Volume of the Cell
T * Splitting Temperature
Cmol Molar Curie Constant
χ DC Susceptibility
θ Curie-Weiss Temperature
µe� E�ective Magnetic Moment
kB Boltzmann Constant
NA Avogadro Number
g Lande g-factor
M FC Magnetization Measured Under Field Cooled Condition
M ZFC Magnetization Measured Under Zero Field Cooled Condition
µe�(cal) Calculated E�ective Magnetic Moment
H c Critical Field
M ↓ Magnetization for Ramping Down Cycle
M ↑ Magnetization for Ramping Up Cycle
µB Bohr magneton
BJ(x) Brillouin function
T c Critical Temperature
M 0 Spontaneous Magnetization
M 1 Glassy Component
τ Relaxation Time
n Critical Exponent
τ0 Activation Time
TA Activation Temperature
EA Activation Energy
∆S Change in Magnetic Entropy
EF Fermi Level
J Hund's Coupling Parameter
U Strength of Coulomb Interaction
χ‖ Parallel Susceptibility
χ⊥ Perpendicular Susceptibility
J 1 Intra-chain Exchange Interaction Constant
S Entropy
H Magnetic Field
T Temperature
M Magnetization
∆Smax Maximum Entropy Change
DOS Total Density of State
∆E Band gap
IFCC Interrupted Field Cooled Cooling Curve
FCW Field-cooled Warming Curve
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