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Synopsis 2

SYNOPSIS

Investigation of Structural and Magnetic Properties of

Spin-chain Oxides

In the recent years, the low dimensional magnetic materials have attracted a lot
of attention due to their unique electronic and magnetic properties. Here, the low
dimensional systems refer to the compounds where the arrangements of the magnetic
ions are in less than three spatial dimensions e.g. 2D- layers, 1-D or quasi 1-D spin
chains, etc. Some of the interesting properties of these compounds are geometrical
frustration, multiferrocity, superconductivity, highly anisotropic physical properties,
and quantum phase transitions.

Among the low dimensional magnetic materials, quasi-one-dimensional spin-
chain compounds of type A3MXOg4 [A = Ca, Sr, and (M, X) = alkali or transi-
tion metal ions| have recently attracted much interest due to their peculiar physical
properties. The crystal structure of these compounds consists of chains, made up
of alternating face-sharing M Og trigonal prisms (TP) and XOg octahedra (OCT)
running along the crystallographic ¢ axis. These chains, separated by non-magnetic
A%* jons, are arranged on a triangular lattice in the ab plane and each chain is
surrounded by six chains. One-dimensional character in the magnetic properties of
these compounds is expected because the distance between the magnetic ions along
the chain is approximately half of the interchain distance. The ferromagnetic in-
trachain and antiferromagnetic interchain interactions, combined with a triangular
arrangement of spin-chains may give rise to a geometrical frustration in these com-
pounds. Since the electronic and magnetic properties are governed by the charge,
spin and orbital degrees of freedom, a large number of opportunities exist in these
compounds to modify these properties by a suitable substitution of the transition

metal ions at the M /X sites.
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In this thesis, we concentrate on the structural and magnetic properties of the
compounds CazgCoy0g, CazCoy . Fe, O (z = 0.1, 0.2, 0.4, and 1.0), and
Cag75Rp.25C020¢ (R = Lu and Dy). In the compound CazCosOg, spin-chains are
made up of alternating face sharing CoOg octahedra (with Col) and CoOg trigonal
prisms (with Co2) with a Co-Co separation of ~ 2.6 A (along the chain). The dif-
ferent crystalline electric fields at the OCT and TP sites lead to the different spin
states of the Co®" ions in this compound; low spin (S = 0) and high spin (S =
2) states at the OCT(6b) and TP(6a) sites, respectively. The Co®" spins at the
TP sites have an Ising-like magnetic anisotropy and are aligned along the crystallo-
graphic ¢ axis. The choice of the iron substitution at the cobalt site was motivated
by the consideration that the Co3* ions at the TP site, in the compound CazCoyOs,
has large orbital moment (1.7 pp), while the Fe3* ions have zero orbital momentum
(a closed subshell without orbital degrees of freedom). Moreover, the ionic radii of
the Co*" and Fe®* with six oxygen coordination are very close (0.61 and 0.645 A,
respectively). No strong lattice effect will, therefore, be introduced, and changes
only due to the different magnetic character of the spins of Co®" and Fe?* are ex-
pected. The choice of rare earth (R*") doping at the Ca®" site is motivated by the
theoretical prediction from the band structure calculations that magnetic properties
for the compound CazCoy0g can be tuned by electron doping. The difference in the
ionic radii of the rare earth (R*") and the calcium (Ca*") may change the distance
between magnetic ions. The difference in the oxidation state of the R3** and Ca?*
is expected to vary the oxidation state of Co®* in the compound CazCoy0g. These
factors can change the intrachain and interchain magnetic exchange interactions,
which can modify the magnetic properties of these spin-chain compounds. The
thesis comprises of seven chapters.

Chapter 1 gives a brief overview of some of the most important features of the
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low dimensional magnetic systems. A brief introduction about the geometrically
frustrated magnets, their interesting physical properties, and why one should study
them, is given. The crystal structure of the A3MXOg type quasi-one-dimensional
spin-chain compounds and how the geometrical frustration arises in these com-
pounds are discussed. An outline of the thesis is given at the end.

In the succeeding chapter, a brief description about the sample preparation
techniques used to synthesize the polycrystalline compounds studied in the the-
sis is given. A brief introduction and working principles of the various experimental
techniques (x-ray diffraction, neutron diffraction, dc magnetization, and Mdossbauer
spectroscopy) employed to investigate the structural and magnetic properties of
the compounds are also described. A brief description about the Rietveld method,
to refine the crystal structures and to determine the magnetic structures from the
powder diffraction data, is also given.

Chapter 3 presents the structural properties of the compounds Ca3Cos0Og,
CazCoy_,Fe,Og (z = 0.1, 0.2, 0.4, and 1.0), and Cag75R025C020¢ (R = Lu and
Dy). The Rietveld refinement of x-ray and neutron diffraction patterns confirms
that all compounds, except CazCoFeQg, crystallize in the rhombohedral structure
(space group R3c). For the compounds CazCos_,Fe,Og (z = 0.1, 0.2, and 0.4), the
Rietveld refinement of neutron diffraction patterns and Mossbauer study confirm
that the Fe3" ions are located only at the TP site. For the rare earth substituted
compounds Cag 75 R.25C0206 (R = Lu and Dy), the refinement shows that the triva-
lent rare earth ions R3" are located at the Ca®T (18¢) site, and bond lengths Co2-O
and Col-Co2 increase significantly, as compared to the parent compound CazCoy0s.
The observed increase in the bond lengths Co2-O, with rare earth substitution, sug-
gests that extra electrons are transferred to the Co2 ions at the TP site. The crystal

structure of all the compounds, except for CazgCoFeOg, contains one-dimensional
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chains made up of alternating face-sharing CoOg octahedra and (Co/Fe)Og trigonal
prisms, running along the crystallographic ¢ axis. For the compound CazCoFeQOg,
the profile matching refinement of the x-ray diffraction pattern confirms a triclinic
crystal structure (space group Pi).

Chapter 4 is divided into two parts. The first part of this chapter describes
the magnetic structure of the compounds CazCos0Og and CazCoy_,Fe,Og (z = 0.2
and 0.4). In the first approximation, two different commensurate magnetic struc-
tures, (i) amplitude-modulated structure with a propagation vector k = {0, 0, 1}
and (ii) partially disordered antiferromagnetic (PDA) structure, are able to fit the
same neutron diffraction patterns, below their respective Néel temperatures (T y =
25, 20, and 17 K, for x = 0, 0.2, and 0.4 compounds, respectively). However, a
detailed analysis reveals that these compounds order magnetically in an incommen-
surate spin density wave (SDW) structure, having a modulation and an alignment
of the spins along the crystallographic ¢ axis, below T n. Further, a coexistence of
the magnetic long-range and short-range ordering has been observed down to 1.5
K (below Ty). For the parent compound CazCoy0g, in addition to the magnetic
Bragg peaks corresponding to the SDW structure, a second set of magnetic peaks
corresponding to the commensurate antiferromagnetic (CAFM) structure with a
propagation vector ky = {0.5, 0.5, 0} appears in the neutron diffraction patterns
below ~ 15 K. Moreover, the magnetic Bragg peaks, corresponding to the CAFM
and SDW structures, exhibit time dependence at some fixed temperatures below ~
14 K. Our analysis (for the parent compound CazCoy0¢) shows that the magnetic
ground state is a coherent superposition of the magnetic structures belonging to the
propagation vectors k; = {0, 0, 1.009(3)} and ks = {0.5, 0.5, 0}. The second part
describes Mossbauer spectroscopy studies of spin-spin relaxation in the compounds

CazCoy_,Fe, O (z = 0.2 and 0.4), and nature of magnetic ordering in CazCoFeOg.
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The compounds with z < 0.4 are paramagnetic above ~ 90 K, and the iron ex-
hibits slow spin relaxation phenomena even at room temperature. However, for the
compound CazCoFeOg,which crystallizes in the triclinic space group P1, the iron re-
sides almost equally in two different crystallographic sites and exhibits a very high
magnetic ordering temperature Ty ~ 500 K. Both iron sites exhibit quadrupole
interactions of almost equal size; however, with an opposite sign. These results
agree well with the magnetic susceptibility measurements, in which a sharp drop
in magnetization is observed above 200 K. The net magnetic interaction is antifer-
romagnetic, however, with a small ferromagnetic component displaying hysteresis
along with a saturation magnetization of about 0.02 pug/f.u. at 1.5 K.

Chapter 5 describes the effect of an external perturbation wviz. magnetic field
on the nature of magnetic ordering in the compounds CazCoy_,Fe,Og (z = 0, 0.1,
0.2, and 0.4). For all compounds, high temperature magnetic susceptibility obeys
the Curie-Weiss law. The value of paramagnetic Curie temperature decreases as the
concentration of iron increases (6, = 27.8 for z = 0 compound) and it becomes nega-
tive (-1.6 K for z = 0.4) for higher concentration of iron. From the dc-magnetization
study, we have derived the value of intrachain and interchain exchange interactions
for the compounds CazCosy_,Fe,Og (z = 0.0, 0.1, 0.2, and 0.4). A decrease in the
intrachain positive exchange constant J’ and an increase in the interchain negative
exchange constant J have been observed with substitution of iron, which result in
deviation from “1D character” in these spin-chain compounds. In the dc magne-
tization study, we have observed an indication of the presence of a field induced
transition from a ferri to a ferromagnetic state. Neutron diffraction study has been
carried out to study the spin-spin correlations in the compound CazCo; gFeq 20O,
by directly investigating the evolution of the magnetic structures as a function of

applied magnetic field (0, 2 and 4 T) and temperature (1.5-100 K). Under an applied
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field of ~ 2 T, a phase transition from the zero field SDW structure (7'y ~ 20 K)
to a commensurate amplitude modulated (AM) structure has been observed. With
a further increase in the magnetic field (~ 4 T), the AM structure transforms into
a ferrimagnetic structure. In zero applied field, a magnetic short-range ordering
(SRO) coexists with the SDW long-range ordering (LRO) at all temperatures below
T n. In the applied magnetic field (2 and 4 T), the SRO is converted into the LRO
only over the temperature range 12 - 20 K, however, below ~ 12 K, an increase in
the volume fraction of the SRO has been observed. The correlation length for the
SRO (below ~ 12 K) also gets affected by the application of field. The magnetic
properties of the compounds CazCoq gFey20g are very much different from the par-
ent compounds CazCoy0g¢. A field induced transition from the zero field modulated
PDA structure to a ferrimagnetic structure in the magnetic field of 1.7 T, and then
a transition to a ferromagnetic state in the magnetic field of 3.6 T was reported for
the parent compound CazCos0g. However, no transition from the modulated PDA
structure to the AM structure (before transition to the ferrimagnetic structure) was
reported.

Chapter 6 describes the effect of the rare earth substitution at the Ca?* (18¢)
site on the magnetic properties of the compounds Cag 75 R .25C0206 (R = Lu and
Dy). For both compounds, high temperature (in the paramagnetic region) magnetic
susceptibility obeys the Curie-Weiss law. The derived values of the paramagnetic
Curie temperature (6,) are 28.4 and 16.6 K for R = Lu and Dy compounds, respec-
tively. For the parent compound CazCo20g, the value of 0, is ~ 30 K. The observed
decrease in the value of the 6, indicates a reduction in the dominant intrachain
ferromagnetic interaction with rare earth substitution. In the neutron diffraction
patterns, additional Bragg peaks appear for both compounds below ~ 16 K, in-

dicating the onset of an antiferromagnetic ordering of cobalt spin-chains on the
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triangular lattice. The magnetic Bragg peaks at 1.5 K can be indexed using the
incommensurate propagation vector k = {0, 0, 1.02}. The magnetic structure cor-
responds to the SDW structure, having ¢ axis as direction of the moment and the
modulation. For both compounds, refined value of the maximum moment at the
60 site is zero. The refined value of the maximum moment at the 6a site is same
(~ 4.2 pupg) for both compounds. For the parent compound CazCoyQ0g, the reported
value of the maximum moment at the 6a site is ~ 5.1 ppg. For the rare earth doped
compounds, the refined zero value of the ordered moment at the OCT site confirms
that cobalt ions at the OCT sites remain in the 34 oxidation state. The observed
reduction in the value of the maximum moment at the TP site (with rare earth
doping), confirms that the oxidation state of a fraction of the cobalt ions at the TP
site is reduced from Co3* to Co?T. The qualitative nature of the observed magnetic
ground states for the rare-earth substituted compounds is same as that observed for
the Fe-substituted compounds CazCosy_,Fe,Og (z = 0.2 and 0.4), however, different
from that observed for the parent compound CazCoy0s.

The last chapter (Chapter 7) gives a brief summary of the research work carried
out in this thesis. The effects of the intrachain and interchain exchange interactions,
and external perturbation on the magnetic ground states of the geometrically frus-
trated compounds are discussed. A novel time dependence in the intensity of the
magnetic reflections has been observed for the compound CazCo,0g. A possibility
to study the effect of an external magnetic field on the observed time dependent
magnetic behavior (for CazCoy0g) is also discussed. The magnetic properties of
the compounds (A3 MX Og family) studied in the present thesis have been compared
with other class of frustrated magnetic systems [ABX3 (4 = Cs or Rb, B = Co, X
= Cl or Br)], in terms of the nature of the intrachain magnetic exchange interaction.

The present thesis also highlights the scope for the future research work, by grow-
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ing thin films and large size single crystals (necessary to investigate the anisotropic
magnetic and transport properties) of these spin-chain oxides. A list of bibliographic
references used in this thesis has been given after Chapter 7. A list of publication

is also provided.
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CHAPTER 1

Introduction

Dimensionality of a given system, and symmetry of the order parameter of the sys-
tem are two crucial parameters, which determinate the universality class of a phase
transition. The general belief in the universality is that for a given symmetry of the
order parameter and range of interaction (short or long-range), the critical properties
of a system depend on its dimensionality. In general, dimensionality of a naturally
occurring bulk material is determined by its crystal structure, except for a few cases
where the effective dimensionality is reduced. Low dimensional systems can be
divided into two groups, (i) one dimensional and (ii) two dimensional. The crys-
tal structure of one dimensional compounds contains infinite chains of atoms with
strong ionic/covelant, or metallic intrachain, and negligible interchain bondings. On
the other hand, the crystal structure of a two dimensional compound contains sheets
or slabs of the atoms or polyhedra, which are separated by a weak bonding. Due to
the strong directionally of the structure, the physical properties of the low dimen-
sional compounds are highly anisotropic. For example, the one-dimensional nature
of transport properties has been observed in some organic semiconductors [11, 12].

The low dimensional magnetic systems refer to the compounds, in which the
magnetic (rare-earths, transition-metals, etc.) ions are arranged in less then three
dimension, such as, 2D layers, quasi-1D chains, etc. Low-dimensional magnetic
systems have attracted a lot of interest in the recent years not only because of

their anisotropic physical prosperities, but also because they exhibit novel quantum
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effects, such as high temperature superconductivity, spin-density wave, quantum-
phase transitions, fractional quantum Hall effect, magnetic frustration, multiferroic-
ity, etc. From a theoretical point of view, low dimensional magnetic systems are
interesting because the microscopic interactions between spins can be considerably
simplified.

This thesis presents an experimental investigations of the structural and mag-
netic properties of the quasi-1D spin-chain oxides, CazCo,0g4, CazCoqy_,Fe,Og, and
Cag 75 R0.25C020¢ (R = Lu and Dy), of the A3MXOg-family [A = Ca, Sr and (M,
X) = alkali or transition metal ions|. As shown in Fig. 1.1, the magnetic ions in
these oxides are arranged in chains parallel to the crystallographic ¢ axis. These
chains are arranged on a triangular lattice in the ab plane. A quasi-one-dimensional
character in the magnetic properties of these oxides arises primarily because the fer-
romagnetic intrachain exchange interaction between magnetic ions is much stronger
than the antiferromagnetic interchain exchange interaction. These spin-chain ox-
ides yield very rich magnetic phase diagrams because competing interactions and
low dimensionality both occur naturally in these systems. As the ferromagnetic
intrachain exchange interaction is much stronger than antiferromagnetic interchain
interaction, in the first approximation, at low temperatures, one can consider each
ferromagnetic chain as a giant moment and the resultant magnetic structure as two
dimensional structure. Two dimensional Ising-like model has been developed in
the literature to understand the magnetic behavior in one of the most interesting
compounds (CazCoy04) of the A3 MXOg-family.

To understand the magnetic behavior of these oxides theoretically, it is very
important to find out the model Hamiltonian describing the microscopic interaction
between atomic spins and to develop the methods to calculate the static and the

dynamic spin-spin correlation functions. Now we will discuss some of the exactly
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Figure 1.1: (a) Crystal structure of A3MX Og-type compounds (for clarity oxygen
atoms are shown smaller in size and A atoms are not shown). (b) A projection
on the ab plane showing the triangular arrangement of the spin-chains (blue long-
dashed lines). The solid (black) circles in Fig. (b) represent the chains and the red
short-dashed lines represent the unit cell in the ab plane.
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solvable spin models for the low dimensional magnetic systems, which are available

in the literature, and are relevant to the types of systems covered in this thesis.

1.1 Spin Models of Magnetism

The model Hamiltonian [13, 14] describing the nearest neighbor spin-spin interac-

tions (due to exchange effects), in the absence of an external magnetic field, is given

by,

H=—> [J, S8+ J, SISY+J. SiS7)] . (1.1)
<ij>

Here J’s are the exchange integrals and the summation is over the nearest neigh-
bors. This general Hamiltonian is known as the XYZ model. The values of exchange
integrals determine the anisotropy of the exchange interaction. The exchange inter-
actions (i) are isotropic, if J, = J, = J,, (ii) have a planar anisotropy if J, = J,, J,
= 0, (iii) have a uniaxial isotropy, if J, = J, = 0, and J, # 0. The cases (i), (ii), and
(iii) refer to the Heisenberg, XY, and Ising models, respectively. The summation in
Eq. (1.1) can be taken over to a lattice of 1, 2 or 3 dimension. Here it is important
to distinguish between magnetic order parameter dimensionality D and the spatial
dimensionality (the dimensionality d of the lattice on which the spins reside). The
dimensionality of the magnetic order parameters for the Heisenberg, XY, and Ising
models are 3, 2, and 1, respectively. However, for each of the models, spins can
reside on a lattice of 1, 2, or 3 dimensions, i.e., spatial dimensionality can be 1, 2

or 3.
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1.1.1 Ising Model in One Dimension

In the Ising model [13, 15], the spins at every site can have either up or down
orientations. The one-dimensional Ising model (D = 1, d = 1) with nearest neighbor
exchange interaction harbors no phase transition (long-range ordering) for 7' > 0.
To understand this, we consider a chain of N Ising spins and assume that nearest
neighbor interaction is ferromagnetic [J > 0]. The Hamiltonian for this system is

given by

N-1
H = _JZ St z‘z+1 : (1'2)
i=1

Here spin S; = £1 and J is exchange constant. The ground state (7" = 0) of
this system corresponds to a state in which all spins are aligned either up or down
[Fig. 1.2 (a)]. At T' =0, the energy of the system is minimum with £ = —(N —1)J,

and the entropy S = 0. The elementary excitation in the one dimensional Ising

(@)

(b)

Figure 1.2: The one-dimensional ferromagnetic Ising spin-chain. (a) All spins
aligned up. (b) A domain wall for a system of N = 10 spins.

spin-chain is a domain wall [Fig. 1.2 (b)]. The creation of a domain wall costs an

extra energy £ = 2 J. Because there are (N-1) sites where the domain wall can
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move with no cost in energy, the entropy increases by AS = kp In(N-1). Hence, the

free energy (F = E - T S) cost to create such a domain wall is

AF=2J—kgT In(N —1) . (1.3)

It is evident from Eq. (1.3) that for T > 0, as the size of the system grows (N
— 00), the creation of a domain wall lowers the free energy. Hence, number of
domain walls will increase, resulting in a complete randomization of the spins. The
long-range magnetic ordering is therefore not possible at finite temperature in the

one-dimensional Ising model.

1.1.2 Ising Model in Two Dimension

In Sec. 1.1.1 we discussed that one-dimensional Ising model does not have phase
transition at finite temperature. Now we discuss what happens if the Ising spins are
put on the two-dimensional lattice (d = 2), this corresponds to the 2d-Ising model
(for simplicity, we consider square lattice [16]). The defects in this case are domain
walls (see Fig.1.3). As the domain wall can be placed at any of the L columns,
the entropy gain by creating such a domain wall is kg7 In L. The energy cost of
creating the domain wall is 2JL. So the change in the free energy by the creation of

such a domain wall is

AF=2JL—TIn(L) . (1.4)

It is clear from Eq. (1.4) that A F' > 0 in the limit L — oo. Therefore, domain
walls cannot be spontaneously created in two dimension and the long-range magnetic
ordering is possible below a finite non-zero critical temperature. An Ising model on

square lattice was exactly solved by Onsager [17] in 1944. He predicted a long-range
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magnetic ordering at finite non-zero temperature.

HER
REHEE
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Figure 1.3: Domain wall (dashed line) in the two-dimensional Ising model on the
square lattice.

1.1.3 Two-Dimensional Magnetism

An isotropic Heisenberg model in one and two dimensions do not predict a long-
range magnetic order at any finite temperature. Destruction of the order at any
non-zero temperature can be understood as a consequence of proliferation of spin-
waves, which destroys the long-range order. The absence of a long-range order
in the two-dimensional systems (with a continuous symmetry) was first proved by
Mermin and Wagner [18, 19] in 1966. This predication is often referred as the
Mermin-Wagner theorem, which (for the system of localized spins) is quoted as “An
infinite d dimensional lattice of localized spins cannot have long-range order at any

finite temperature for d < 3 if the effective exchange interactions among spins are
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isotropic in spin space and of finite range”. A description of the current theories
used to describe the low-dimensional magnetism can be found in Ref.[20].
Now we will discuss the exotic properties of the naturally occurring low dimen-

sional magnetic materials, which have been experimentally observed.

1.2 Exotic Properties of One-dimensional Magnets

The Heisenberg, XY, and Ising models mentioned in Sec. 1.1 do not predict any
long-range magnetic order in one-dimension (d = 1) at any finite temperature.
This may lead one to think that these one-dimensional magnets are not interesting,
but in reality the reverse is true. There exists today an impressive list of quasi-
one-dimensional magnets having noncollinear, incommensurate long-range magnetic
ordering at low temperatures. Moreover, these magnets have complex magnetic
excitations, which are not fully understood.

The one-dimensional spin-chain compounds refer to the systems, in which the
spins (Heisenberg, XY, and Ising) are arranged on a line. In a real system, whether
spin behaves like Ising, XY, or Heisenberg will depend on the single ion anisotropy
due to the crystalline electric field. Despite its relatively simple geometry, one-
dimensional spin-chain models are hard to realize experimentally because of the
presence of a finite interchain interaction. The weak interchain interaction often
couples the spin-chains at very low temperatures, and a three dimensional long-
range magnetic ordering develops in the real systems. The most extensively studied
Ising and Heisenebrg spin-chain compounds are CsCoCl; [21, 22] and KCuF3 [23],
respectively. In the compound KCuFs3, the spin-chains contain magnetic Cu?* (S
= 1/2) ions. The values of the antiferromagnetic intrachain and ferromagnetic
interchain exchange constants are -394.5 and 18.6 K, respectively [23]. In spite of

the very small value of the interchain interaction, 3D magnetic ordering has been
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observed in the compound KCuF3 below the Néel temperature T of 39 K. In
the one-dimensional Ising spin-chain system CsCoCls, the spin-chains contain Co?*
(3d") ions with an effective spin S = 1/2 [21, 22]. Because of interchain exchange
interactions, the 3D long-range ordering occurs in this compound below 21 K.

Other than the issue that these spin-chain compounds order magnetically or not,
a considerable amount of interest was generated over the past three decades, after
Haldane’s conjecture [24, 25] that the one-dimensional (1D) Heisenberg antiferro-
magnets have different physical properties for integer and non-integer values of the
spins. In the former case, the ground state is separated from the excited state by
an energy gap while the latter does not show any energy gap. Before Haldane’s
conjecture, it was believed that the properties of Bethe ansatz solution [26] for the
spin-1/2 Heisenberg chain, which has a gapless excitation spectrum and an infinite
correlation length, are valid for an arbitrary spin. Haldane’s conjecture has been
tested on several compounds [27-29]. We will not discuss in detail the spin-wave
excitation of one-dimensional (1D) Heisenberg antiferromagnets because the present
thesis deals only with the magnetic structure.

Now we will discuss about the systems in which both competing interactions
and low dimensionality occur naturally. The presence of competing (frustrated)
interactions in the low dimensional magnets gives rise to a variety of interesting
phenomena, ranging from evading the Néel order to the frustration induced long-

range magnetic order at finite temperature.

1.3 Frustrated Magnets

A magnet is called frustrated if it has got competing exchange interactions which
can’t be satisfied simultaneously. If these competing interactions arise due to ar-

rangement of the spins in lattice, not due to the site disorder then the magnet is
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called a geometrically frustrated magnet. Geometrically frustrated magnets exhibit

Figure 1.4: A geometrically frustrated antiferromagnet with Ising spins on the two-
dimensional (a) square lattice and (b) triangular lattice. The arrows indicate the
direction of the spin. The circles in Fig.(b) represent the flippable spins (reproduced
from Ref. [1]).

exotic phenomena compared to their unfrustrated counterparts. To have a compar-
ison, let us discuss the behavior of an unfrustrated antiferromagnet. We consider

Ising spins on a square lattice with antiferromagnetic nearest neighbor interactions.
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Since, the lattice is bipartite, the classical ground state is the two-sublattice Néel
state, with all spins up on one sublattice and down on the other sublattice. The
ground state is doubly degenerate and minimizes all the interactions simultaneously,
as shown in Fig. 1.4 (a). On the other hand, if one considers three Ising spins on a
equilateral triangle with nearest-neighbor antiferromagnetic interactions, when two
spins are anti-parallel, third spin can have either orientation (up or down), because
no exchange field acts on it. As a result, all the interaction bonds cannot be satisfied
simultaneously and the system is frustrated. This kind of geometrical frustration
on the triangular lattice gives rise to ground state degeneracy. For the triangular
lattice with Ising spins, the ground state condition is that one of the three bonds
should be frustrated. As a result, instead of ground state being doubly degenerate,
which one expects from the discrete symmetry of the Ising spins (up and down), the
real ground state is six fold degenerate. If an infinite crystal is made from such a
triangular plaquette of the Ising spins, then the ground state has very large degen-
eracy. This is shown in Fig 1.4 (b), where in some particular configuration 1/3 of
spins point up, 1/3 of spins point down, and the remaining 1/3 point either up or
down because of net zero exchange field acting on them. The ground state entropy
of this antiferromagnet is extensive because at least 1/3 of the spins (which point
either up or down) can be chosen in a number of ways. Wannier [30] in 1950 showed
that ground-state entropy of two-dimensional triangular lattice antiferromagnet of
Ising spins is extensive and approximately 0.323 kg N, here N is the number of spins
and kp is Boltzmann constant.

The presence of geometrical frustration often leads to a complicated magnetic
structure at very low temperatures, wherein the spins and their frustrated interac-
tions reach a compromise with the geometry of the crystal lattice. In some cases,

the presence of the frustration can even suppress the long-range magnetic ordering
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temperature. Due to the large ground state degeneracy, the nature of magnetic or-
dering in the frustrated magnets is highly sensitive to the perturbation, and a small
perturbation (spin-lattice interaction, thermal fluctuation, magnetic field, etc.) can
give rise to the exotic magnetic states in these systems.

From the real materials point of view, the non-bipartite geometrically frustrated
lattices in the two dimension are triangular and kagomé; and three-dimensional
analogues are pyrocholore (built from corner sharing tetrahedra) and face-centered

cubic (FCC), as shown in Fig. 1.5.

Triangle Kagome

VAV S

D

Pyrochlore

Figure 1.5: Geometry for magnetic frustration in 2D and 3D lattices (reproduced
from [2]).
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1.4 Motivation

In the present thesis work, we have investigated the compounds, where the 1D
Ising spin chains are arranged on a triangular lattice and the exchange interactions
between the chains are antiferromagnetic. In literature, there are a few examples
where the 1D Ising spin chains are arranged on a triangular lattice. The most of
the compounds belong to either A3 MX Og family (considered in the present thesis
work) or A’BX3 (where A’ is an alkali ion, B is a transition metal ion, and X is a
halide ion) [31-33] family.

The compound CsCoCls [31, 32] is one of the well studied 1D Ising spin chain
compounds in the A’BX3 family. The results of the most of theoretical models
[31, 33| for the A’BX 3 compounds predict a partially disordered antiferromagnetic
(PDA) structure [for this structure 2/3 of Ising spin-chains (with ferromagnetic
intrachain coupling) order with antiferromagnetic interchain interaction while the
remaining 1/3 are left incoherent (disordered with zero net magnetization)] at higher
temperature, and a ferrimagnetic structure at lower temperature (e.g., below 9 K
for the compound CsCoCls). The crystal structure of the compound CsCoCl;z con-
sists of chains of Co*" ions with effective spin S = 1/2, arranged on a triangular
lattice, running along the crystallographic ¢ axis. Both the intrachain and inter-
chain interactions in this compound are antiferromagnetic. However, the strength
of the intrachain exchange interaction is much stronger than that of the interchain
exchange interaction. This compound undergoes two successive magnetic phase
transitions; one at 21 K and other at 9K. In the temperature range between 9 and
21 K, the PDA state and below 9 K, a ferrimagnetic state have been reported [32].

Among the A3MXOg-type spin-chain compounds, the most interesting com-

pound is CazCoy04. The compound CazCoyOg is a model system for the trian-
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gular lattice Ising antiferromagnet. The interchain interactions in this compound
are antiferromagnetic, however, the intrachain interactions are ferromagnetic, unlike
CsCoCls, where both intrachain and interchain interactions are antiferromagnetic.

Due to the interelation between the spin and orbital degrees of freedom, these
cobaltates are very sensitive to the doping levels and external perturbation. More-
over, the cobalt ions in these compounds have one more degree of freedom, a possi-
bility of the spin state transition, other than the common charge, orbital, and spin
degrees of freedom. Understanding the behavior of these complex cobaltates requires
a detailed experimental investigation of the magnetic structures. The unusual mag-
netic properties of these frustrated magnets allow them to serve as a model system

for many strongly correlated systems.

1.5 Outline of this Thesis

In the present thesis, we have studied the triangular lattice Ising antiferromagnet
of A3MX Og-family [A = Ca, Sr, and (M, X) = transition metal or alkali ions].
The crystal structure of these compounds consists of chains, made up of alternating
face-sharing M Og trigonal prisms (TP) and X Og octahedra (OCT) running along
the crystallographic ¢ axis. These chains, separated by non-magnetic A% ions, are
arranged on a triangular lattice in the ab plane and each chain is surrounded by six
chains. The ferromagnetic intrachain and antiferromagnetic interchain interactions,
combined with a triangular arrangement of spin-chains give rise to a geometrical
frustration in these compounds.

In this thesis, we present the structural and magnetic properties of the com-
pounds CazCos0Oq, CazCoy_,Fe,O (z = 0.1, 0.2, 04, and 1.0), and
Cag 75 R0.25C020¢ (R = Lu and Dy). In the compound CazCoy0g, spin-chains are

made up of alternating face sharing CoOg octahedra (with Col) and CoOyg trigo-
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nal prisms (with Co2) with a Co-Co separation of ~ 2.6 A (along the chain). The
different crystalline electric fields at the OCT and TP sites lead to the different
spin states of the Co®" ions in this compound; low spin (S = 0) and high spin
(S = 2) states at the OCT(6b) and TP(6a) sites, respectively. The Co®* spins
at the TP sites have an Ising-like magnetic anisotropy and are aligned along the
crystallographic ¢ axis. The choice of the iron substitution at the cobalt site was
motivated by the consideration that the Co3* ions at the TP site, in the compound
CazCo20s, have large orbital moment (1.7 up), while the Fe* ions have zero orbital
momentum (a closed subshell without orbital degrees of freedom). Moreover, the
ionic radii of the Co®*™ and Fe3* with six oxygen coordination are very close (0.61
and 0.645 A, respectively). No strong lattice effect will, therefore, be introduced,
and changes only due to the different magnetic character of the spins of Co*™ and
Fe3t are expected. The magnetism of these Fe-substituted compounds is unique
in the sense that spin chains are made up of different type of spins: Fe*™ (Heisen-
berg) and Co" (Ising). The choice of rare earth (R*T) doping at the Ca’" site is
motivated by the theoretical prediction from the band structure calculations that
magnetic properties for the compound CazCoy0Og can be tuned by electron doping.
The difference in the ionic radii of the rare earth (R3") and the calcium (Ca®") may
change the distance between magnetic ions. The difference in the oxidation state
of the R3* and Ca?" is expected to vary the oxidation state of Co®** in the com-
pound CazgCoy0g. These factors can change the intrachain and interchain magnetic
exchange interactions, which can modify the magnetic properties of these spin-chain
compounds. The organization of this thesis goes as follows:

After giving an overall introduction in Chapter 1, Chapter 2 gives a brief descrip-
tion about the sample preparation techniques that are employed to synthesize the

polycrystalline compounds studied in the thesis. A brief introduction and working
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principles of the various experimental techniques (x-ray diffraction, neutron diffrac-
tion, dc magnetization, and Mossbauer spectroscopy) employed to investigate the
structural and magnetic properties of the compounds are also described. A brief
description about the Rietveld method, employed to refine the crystal structures
and to determine the magnetic structures from the powder diffraction data, is also
given.

Chapter 3 presents the structural properties of the compounds CazCo,0g,
CazCoy_,Fe,O¢ (z = 0.1, 0.2, 0.4, and 1.0), and Cag 75R025C020¢ (R = Lu and
Dy). The Rietveld refinement of x-ray and neutron diffraction patterns confirms
that all compounds, except CazCoFeQyg, crystallize in the rhombohedral structure
(space group R3c). For the compounds CazCoy_,Fe,Og (z = 0.1, 0.2, and 0.4), the
Rietveld refinement of neutron diffraction patterns and Mdssbauer study confirm
that the Fe3T ions are located only at the TP site. For the rare earth substituted
compounds Cag 75 Rg.25C020¢ (R = Lu and Dy), the refinement shows that the triva-
lent rare earth ions R are located at the Ca®T (18¢) site, and bond lengths Co2-O
and Col-Co2 increase significantly, as compared to the parent compound CazCosOg.
The observed increase in the bond lengths Co2-O, with rare earth substitution, sug-
gests that extra electrons are transferred to the Co2 ions at the TP site. The crystal
structure of all the compounds, except for CazgCoFeOg, contains one-dimensional
chains made up of alternating face-sharing CoOg octahedra and (Co/Fe)Ogq trigonal
prisms, running along the crystallographic ¢ axis. For the compound CazCoFeOg,
the profile matching refinement of the x-ray diffraction pattern confirms a triclinic
crystal structure (space group Pi).

Chapter 4 is divided into two parts. The first part of this chapter describes
the magnetic structure of the compounds CazCosOg and CazgCoy_,Fe,Og (z = 0.2

and 0.4). In the first approximation, it is shown in this Chapter that two different
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commensurate magnetic structures, (i) amplitude-modulated structure with a prop-
agation vector k = {0, 0, 1} and (ii) partially disordered antiferromagnetic (PDA)
structure, are able to fit the same neutron diffraction patterns, below their respec-
tive Néel temperatures (7 = 25, 20, and 17 K, for z = 0, 0.2, and 0.4 compounds,
respectively). However, our detailed analysis reveals that these compounds order
magnetically in an incommensurate spin density wave (SDW) structure, having a
modulation and an alignment of the spins along the crystallographic ¢ axis, below
T n. Further, a coexistence of the magnetic long-range and short-range ordering has
been observed down to 1.5 K (below Ty). For the parent compound CazCo,Qg,
in addition to the magnetic Bragg peaks corresponding to the SDW structure, a
second set of magnetic peaks corresponding to the commensurate antiferromagnetic
(CAFM) structure with a propagation vector ky, = {0.5, 0.5, 0} appears in the
neutron diffraction patterns below ~ 15 K. Moreover, the magnetic Bragg peaks,
corresponding to the CAFM and SDW structures, exhibit time dependence below ~
14 K. Our analysis (for the parent compound CazCoy0g) shows that the magnetic
ground state is a coherent superposition of the magnetic structures belonging to the
propagation vectors k; = {0, 0, 1.009(3)} and ko = {0.5, 0.5, 0}.

The second part of this Chapter describes Mdossbauer spectroscopy studies of
spin-spin relaxation in the compounds CazCoy_,Fe,Og (z = 0.2 and 0.4), and na-
ture of magnetic ordering in CazgCoFeOg. The compounds with z < 0.4 are param-
agnetic above ~ 90 K, and the iron exhibits slow spin relaxation phenomena even
at room temperature. However, for the compound CazCoFeOg,which crystallizes in
the triclinic space group P1, the iron resides almost equally in two different crys-
tallographic sites and exhibits a very high magnetic ordering temperature Ty ~
500 K. Both iron sites exhibit quadrupole interactions of almost equal magnitude;

however, with an opposite sign. These results agree well with the magnetic suscepti-
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bility measurements, in which a sharp drop in magnetization is observed above 200
K. The net magnetic interaction is antiferromagnetic, however, with a small ferro-
magnetic component displaying hysteresis along with a saturation magnetization of
about 0.02 pg/f.u. at 1.5 K.

Chapter 5 describes the effect of an external perturbation viz. magnetic field
on the nature of magnetic ordering in the compounds CazCoy_,Fe,Og (z = 0, 0.1,
0.2, and 0.4). For all compounds, high temperature magnetic susceptibility obeys
the Curie-Weiss law. The value of paramagnetic Curie temperature decreases as
the concentration of iron increases (6, = 27.8 for # = 0 compound) and it be-
comes negative (-1.6 K for z = 0.4) for higher concentration of iron. From the
dc-magnetization study, we have derived the value of intrachain and interchain ex-
change interactions for the compounds CazCos_,Fe,Og (z = 0.0, 0.1, 0.2, and 0.4).
A decrease in the intrachain positive exchange constant J’ and an increase in the
interchain negative exchange constant J have been observed with substitution of
iron, which result in deviation from “1D character” in these spin-chain compounds.
In the dc magnetization study, we have observed an indication of the presence of a
field induced transition from a ferri to a ferromagnetic-like state. Neutron diffrac-
tion study has been carried out to study the spin-spin correlations in the compound
CazCoq gFeq 20, by directly investigating the evolution of the magnetic structures
as a function of applied magnetic field (0, 2, and 4 T) and temperature (1.5 -100
K). Under an applied field of ~ 2 T, a phase transition from the zero field SDW
structure (Tn ~ 20 K) to a commensurate amplitude modulated (AM) structure
has been observed. With a further increase in the magnetic field (~ 4 T), the AM
structure transforms into a ferrimagnetic structure. In zero applied field, a magnetic
short-range ordering (SRO) coexists with the SDW long-range ordering (LRO) at

all temperatures below T'y. In the applied magnetic field (2 and 4 T), the SRO is
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converted into the LRO only over the temperature range 12 - 20 K, however, below
~ 12 K, an increase in the volume fraction of the SRO has been observed. The
correlation length for the SRO (below ~ 12 K) also gets affected by the application
of field. The magnetic properties of the compound CazCo; gFey 204 are very much
different from the parent compound CazCos0g4. A field induced transition from the
zero field modulated PDA structure to a ferrimagnetic structure in the magnetic
field of 1.7 T, and then a transition to a ferromagnetic state in the magnetic field
of 3.6 T were reported for the parent compound CazCoy04. However, no transition
from the modulated PDA structure to the AM structure (before transition to the
ferrimagnetic structure) was reported.

Chapter 6 describes the effect of the rare earth substitution at the Ca?* (18¢)
site on the magnetic properties of the compounds Cag 75 R 25C0206 (R = Lu and
Dy). For both compounds, high temperature (in the paramagnetic region) magnetic
susceptibility obeys the Curie-Weiss law. The derived values of the paramagnetic
Curie temperature (6,) are 28.4 and 16.6 K for R = Lu and Dy compounds, respec-
tively. For the parent compound CazCo,0g, the value of 8, is ~ 30 K. The observed
decrease in the value of the 0, indicates a reduction in the dominant intrachain
ferromagnetic interaction with rare earth substitution. In the neutron diffraction
patterns, additional Bragg peaks appear for both compounds below ~ 16 K, indicat-
ing the onset of an antiferromagnetic ordering of cobalt spin-chains on the triangular
lattice. The magnetic Bragg peaks at 1.5 K can be indexed using the incommen-
surate propagation vector k = {0, 0, 1.02}. The magnetic structure corresponds to
the SDW structure, having ¢ axis as directions of both moment and modulation.
For both compounds, refined values of the maximum moment at the 18¢ (the site
at which rare-earth ions are located) and 6b sites are zero. The refined values of

the maximum moment at the 6a site are same (~ 4.2 pp) for both compounds. For
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the parent compound CazCoy0g, the reported value of the maximum moment at
the 6a site is ~ 5.1 ug. For the rare earth doped compounds, the refined zero value
of the ordered moment at the OCT site confirms that cobalt ions at the OCT sites
remain in the 3+ oxidation state. The observed reduction in the value of the maxi-
mum moment at the TP site (with rare earth doping), confirms that the oxidation
state of a fraction of the cobalt ions at the TP site is reduced from Co** to Co?*.
The qualitative nature of the observed magnetic ground states for the rare-earth
substituted compounds is same as that observed for the Fe-substituted compounds
CazCos_,Fe,Og (z = 0.2 and 0.4), however, different from that observed for the
parent compound CazCoy0g.

The last chapter (Chapter 7) gives a brief summary of the research work carried
out in this thesis. The effects of the intrachain and interchain exchange interactions,
and external perturbation on the magnetic ground states of the geometrically frus-
trated compounds are discussed. A novel time dependence in the intensity of the
magnetic reflections has been observed for the compound CazCos04. A possibility
to study the effect of an external magnetic field on the observed time dependent
magnetic behavior (for CazCos0g) is also discussed. The magnetic properties of
the compounds (A3 MX Og family) studied in the present thesis have been compared
with other class of frustrated magnetic systems [ABX3 (A = Cs or Rb, B = Co, X
= Cl or Br)], in terms of the nature of the intrachain magnetic exchange interaction.
The present thesis also highlights the scope for future research work, by growing thin
films and large size single crystals (necessary to investigate the anisotropic magnetic
and transport properties) of these spin-chain oxides. A list of bibliographic refer-
ences used in this thesis has been given after Chapter 7. A list of publication is also

provided.



CHAPTER 2

Sample Preparation and Experimental Techniques

This chapter discusses sample preparation method, the principles of the experimen-
tal techniques, and computational techniques, employed to investigate the structural
and magnetic properties of the spin-chain oxides. After a brief discussion on the sam-
ple preparation techniques, x-ray and neutron diffraction techniques are described
in more detail, followed by magnetic neutron diffraction technique. Subsequently, a
brief description of the dc magnetization and Mossbauer spectroscopy techniques is
given. At the end of the chapter, the Rietveld method, to refine the crystal struc-
tures and to determine the magnetic structures from the powder diffraction data, is

discussed.

2.1 Sample Preparation

All the experiments in the present thesis work have been performed on the poly-
crystalline samples. The solid state reaction method has been used to synthesize
the polycrystalline compounds. The standard solid state reaction method involves
mechanically mixing of the constituent metal oxides or carbonates followed by re-
peated cycles of grinding and heating at high temperatures. The solid state reaction
method requires ions to have diffusion across the solid interfaces, which is a very
slow process. Therefore, the typical reaction time in a solid state reaction ranges
from few days to few weeks, and high temperatures (>800°C) are required to over-

come the diffusion barrier. Polycrystalline compounds CazCoy0g, CazCos_,Fe,Og

47
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(z = 0.1, 0.2, 0.4, and 1.0), Cagr5R0.25C0:06(R = Lu and Dy)] were made using
the following steps. The flow chart is given in Fig. 2.1.

Step 1: The stoichiometric amounts of high purity (>99.9%) reagents [CaO, Co3QOy,
and Fe, O3, for the compounds CazCos_,Fe,Og ; CaCos, Dy203 or LuyO3, and CoO
for the compounds Cag 75 Ro.25C020g] were intimately mixed using an agate mortar
and pestle.

Step 2: These powders were calcined at 800 °C for 24 h and then pressed into pellets
of diameter ® = 16 mm using the hydraulic pressure of ~ 2 ton/cm?.

Step 3: The pellets were placed in a platinum boat, and heated in air up to 1000 °C
(at a heating rate of 300 °C/h), and then kept at 1000 °C for 72 h, and then cooled
down to room temperature slowly (at a cooling rate of 100 °C/h).

Step 4: The pellets were crushed to fine powder using an agate mortar and pestle,
and then pressed into pellets of diameter ® = 16 mm using the hydraulic pressure

2. Step 5: The pellets were again placed in a platinum boat, and

of ~ 5 ton/cm
heated in air up to 1000 °C (at a heating rate of 300 °C/h), and then kept at 1000
°C for 72 h, and then cooled down to room temperature slowly (at a cooling rate of
100 °C/h).

Step 6: The phase purity of the sample was checked by x-ray diffraction with a Cu
K, radiation. The scattering angle (26) range of 10 °C to 90 °C was scanned (step
size = 0.02 °C). For all compounds (except for CazgCoFeOg), the observed x-ray re-

flections could be indexed using the space group R3c. The observed x-ray reflections

for the compound CazCoFeOg could be indexed using the space group P1.

2.2 Scattering Techniques

An integral part of the phase identification of a crystalline material is a scattering

experiment. In a typical scattering experiment, as shown in Fig. 2.2, an incident ra-
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Stoichiometric amounts of starting reagents

Dry mixing and stirring

A
Calcination

<
<

y

Pressed into pellets

l

Heating at high temperature

l

Grinding into powder

X-ray diffraction

Single phase No

Yes

Rietveld refinement

Figure 2.1: Flow chart for the preparation of oxide compounds by the solid-state
reaction method.

diation of energy F; and wave-vector k; is scattered by the sample into a radiation of
energy E; and wave-vector ks. In the case of elastic scattering |k¢| =|k;|, E; = Ey,
and the important parameter to analyze the elastic scattering is momentum transfer
or scattering vector @ = ky -k;, whose magnitude is defined by @ =(4m/\)siné.
The simplest scattering experiment, which provides the information about the
crystal structure, is Bragg scattering of the incident radiation from the lattice planes.
When the wavelength of the incident radiation is comparable to the interatomic

spacing, one can find diffracted beams in directions quite different from the incident



Chapter 2. Sample Preparation and Experimental Techniques 50

radiation. By measuring the intensity of the diffracted radiation as a function of
the magnitude of the scattering vector (@), one obtains the information about the
crystal structure. Now we will discuss Bragg’s law, which tells the geometrical

conditions for the diffraction from a crystal.

Scattered radia_ti on
Wave vector: ki
Energy: E¢
Incident radiation
Wave vector: k;

Wave vector transfer
oty sy

Q = ks - ki

Energy transfer 4E = E; -E;

Energy: E

Figure 2.2: Schematic diagram of the scattering geometry (reproduced from Ref.

3])-

2.3 Bragg Formulation for the Diffraction from a Crystal

Bragg considered x-ray diffraction form the crystals as a problem of reflection from
the atomic planes. He established that the scattering centres which reflect the x-
rays can be represented by a set of parallel planes.The peaks in diffraction pattern
appear if the x-rays scattered from the successive planes, are in “phase”. In other
words, the difference in the path length of the waves scattered from the successive
planes must be an integral multiple of the wavelength. For the beams labelled 1 and
2 in Fig. 2.3, the path difference is 2d sinf, which should be an integral multiple of
the wavelength, i.e.

2d sinf = n\ . (2.1)
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Eq. (2.1) is Bragg’s law, which establishes the relation among the lattice spacing (d),
the wavelength of radiation (\), and the diffraction angle (26). The radiations that
are usually employed for the diffraction are electron, neutron, and x-ray. Now we
will discuss the x-ray and the neutron diffraction in detail, because these radiations

have been used for the structural characterization in the present thesis work.

_ Diffracted wave
Incident wave, A

o -

Figure 2.3: Pictorial representration of the Bragg’s law.

2.4 X-ray Scattering

When an unpolarized x-ray beam falls on a crystal, it interacts with the electrons of
the atoms, primarily through its electric field. In diffraction, we are concerned about
a coherent elastic scattering. The differential scattering cross-section (Thomson
cross-section) for the scattering of the x-ray (unpolarized) form a single electron is

given by

o

12(1 + cos® 26) . (2.2)

&‘&
)
N | —

Here r, is the classical electron radius and 26 is the angle between incident and
scattered beams. For an atom containing Z electrons, the scattering amplitude is

obtained by summing the contribution from all the Z electrons. The scattering
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cross-section for an atom is given by

do

. 1
—q "~ | ro/p(r)e’Q""dg'r’ 2 5(1 + cos? 20) . (2.3)

The integral in Eq. (2.3) is a Fourier transformation of the electron charge density

and is known as atomic form factor f(@Q),

f(Q) = / p(r)e @i (2.4)

The form factor f(Q)— Z for @ — 0, and f(Q)— 0 for @ — oo. The scattering
amplitude F'(Q) for the crystal lattice is obtained by summing the contribution from

all the atoms,

F(Q) = Z fi(Qe' (2.5)

The square of scattering amplitude is the scattering cross-section, that is measured
in the scattering experiments. The scattering cross-section for a crystal lattice is
given by
Y SR (2:6)
j

A more detail discussion on the x-ray diffraction can be found in the Refs. [34, 35].

2.4.1 X-ray Powder Diffractometer

X-ray powder diffraction experiments on the polycrystalline compounds studied in
the present thesis were carried on a 12 kW rotating anode x-ray diffractometer (RU
200 Rigaku generator D/max-A) in the Bragg-Brentano geometry, with a Cu K,

radiation.
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2.5 Neutron Scattering

2.5.1 Neutron Sources

Neutrons for the scattering experiments can be produced by two methods, (i) nu-
clear fission and (ii) spallation source. The fission reaction, which occurs inside the

uranium fuel rods in the reactor, is given by,
U+n—A+B+25n.

Here A and B are fission products. On the average 2.5 neutrons are produced in
one fission reaction. This fission reaction is self-sustaining if on an average 1 out
of these 2.5 neutrons produces a further fission. In the spallation source, a high
intensity proton beam with an energy of ~ 1 Gev strikes on a heavy metal target
(W, Ta). When a high energy proton interacts with a target nucleus, it leaves the
target nucleus in a highly excited state. The excited nucleus returns to the ground
state with the emission of neutrons, protons, tritons, and alpha particles. These
energetic particles interact with the other nuclei of the same target (W, Ta) and
excite them in high energy state, and hence produce neutrons in a cascade. The
energy spectra of the neutrons produced in the fission and spallation source are
quite different (the spallation source produce more high energy neutrons). Neutron
spectra for the scattering experiments are tuned by moderator (HO, D50).
Neutron is an excellent probe to investigate both crystal and magnetic struc-
tures. Firstly, because neutron is uncharged particle and therefore don’t experience
coulomb interaction with the electrons. It interacts directly with the atomic nucleus
via strong-force interaction, however, the interaction is very short-range. Neutron
can, therefore, penetrate very deep inside most of the materials, and the neutron
diffraction acts as a probe where a bulk of sample can be investigated. Secondly, neu-

tron has a magnetic moment, so it interacts with the atomic magnetic moments via
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a long-range dipole-diploe interaction. The energy of thermal neutrons (few meV)
matches with the energy of low energy excitation in the solids, such as phonon and
magnon, neutron scattering is, therefore, an excellent probe to study these excita-
tions. In the present thesis, neutron diffraction has been used to study the crystal
and magnetic structures of the oxide compounds. The quantity measured in the

diffraction experiment is differential scattering cross-section, defined as

do _ total number of neutrons scattered into the solid angle d2 per unit time

s (incident flux)dS2

(2.7)
The differential scattering cross-section has contribution form the nuclear and the

magnetic scattering.

2.5.2 Elastic Nuclear Scattering

To describe the elastic scattering of neutrons from a crystalline lattice, we first
discuss the scattering of the neutrons with a fix nucleus. Since the wavelength
of the thermal neutrons, used in the scattering, is much larger than the range of
the nuclear potential, the scattering is isotropic (pure S-wave). The scattering can
be described in the first Born approximation, which considers both incoming and
outgoing waves as plane waves. The differential scattering cross-section from the
Fermi’s golden rule, by considering both incoming and outgoing waves as plane
waves, is given by

= | [ virerienz. 2.9

The interaction potential V' (7) for neutron-nucleus interaction is described by Fermi

pseudo potential
B 27 h?

Mmp

V(r)

bd(r—R) . (2.9)
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Here b is the scattering length and m,, is the mass of the neutron. In general,
b can be complex, the imaginary part of b represents an absorption. The value
of b for a particular nucleus depends upon the nuclear structure and the spin of
neutron-nucleus system. The neutron scattering length b varies quite randomly
with atomic number. The scattering lengths for isotopes of the same element can
have very different values. The Fermi pseudo potential for the lattice of nuclei at

fixed positions R; is given by

V(r) = 2;7;‘2 S b 6r—Ry). (2.10)

Here b, is scattering length of the nucleus at site j. Combining Eq. (2.8) with (2.10)

yields the cross section

do .
_  _iQ.R; 2
5 = % b e QRI2 (2.11)

For neutron-nuclear scattering, scattering length b; for each element depends upon
the isotope and spin state of nucleus. If we consider that isotopes and spin states
are randomly distributed in a solid, with no correlations among the different lattice

positions, then

do iQ.R; i i—R./
m: <’;bj€Q'RJ’2> :Z<bjbj/>€Q’(RJ R;/) . (212)

73’
The average in Eq. (2.12) is over the isotopes and the spin states. Since there are no
correlations between the isotopes and the spin states at different lattice positions,

<bjby > = <bj><bp> = <b > forj#j; (2.13a)

<bjby > = <b;>> = <> forj=7j. (2.13b)
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Combining Egs. (2.12) and 2.13, we get

P A
d_?z — Z < b>2 QBB Z [<b?>—<b>?. (2.14)
Jnd’ j

Using the relation

|ZeiQ.Rj |2 — N<2 )2 Zé(Q_G)7

T
v
° G

Eq. (2.14) yields

do o (27T)2 2 2 2
—q = NUO <b> EG:&(Q G)+ N[<b* > — < b>7
do do
= (dQ)coh+( dQ)znc (215)

Here N is the total number of unit cells and v, is the volume of the unit cell. From
Eq. (2.15) it is clear that incoherent scattering cross-section has no @Q-dependence
and gives a constant background. However, the d-function in coherent scattering
cross-section implies that coherent scattering cross-section is finite when Q = G,
otherwise it is zero. We know that reciprocal lattice vector |G| = 27/dp, and

scattering vector |Q| = 47 sinf/ A, then the condition @ = G yields,
2dsinf = A,

which is Bragg’s law. For the crystal structures, having more than one atom per

unit cell, the coherent scattering cross-section is given by

()n = NZL <422 5@ - @)IFv(G)1 (2.16)
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with

Fy(G) =) e b, . (2.17)
d

Here F n(G) is called nuclear structure factor. For the elastic neutron scattering at
finite temperature, we must include the Debye-waller factor e="¢, which accounts
for the thermal motion of the atom. The expression for an elastic coherent scattering

is then given by Eq. (2.16) with the nuclear structure factor
FN(G> = ZGiQ'd bd e*Wd .
d

Now we will discuss the magnetic neutron scattering.

2.5.3 Magnetic Elastic Scattering

Since neutron has magnetic moment (i, = -yuyn&), it can interact with atomic
magnetic moment via dipole-dipole interaction. The interaction can be expressed
as

Hint = —fin.H, . (2.18)

Here v = 1.913 is gyromagnetic ratio, puy is nuclear magneton, ¢ is pauli spin
operator, and H. is magnetic field created by unpaired electrons. For the transition
metal ions, due to crystalline electric field, orbital angular momentum is normally
quenched, we can therefore consider that atomic moment is purely due to the spin.
For an atom with spin 5, the magnetic moment is ¢S, and the magnetic scattering

amplitude is given by pS, with

p= (L1 (Q) . (2.19)



Chapter 2. Sample Preparation and Experimental Techniques 58

Here 7 is classical electron radius and f( Q) is magnetic form factor (Fourier trans-

formation of the spin density in an atom), given by,

Q= [ pieerdr. (2.20)

In an ideal paramagnet, magnetic moments are uncorrelated and completely inde-
pendent. Differential scattering cross section for a paramagnet with only one type

of magnetic ions is given by

do 2 _

In this case, the scattering is ()-dependent due to magnetic form factor and Debye-
Walller factor e=2W.

For the magnetic elastic scattering, the coherent scattering cross-section is given

by

d 2m)3
<d_(;2)60h - NM( 7T)

> 6(Q = Gar)[Far(Gap) (2.22)

Vi Gor
Here N, is the total number of magnetic unit cells, vy, is the volume of the magnetic
unit cell, and G, is the magnetic reciprocal lattice vector. The magnetic structure

factor F'j; is given by

FM(GM) = ijSLeiGM'dje*Wj . (223)

J

Here S| is the component of the moment perpendicular to the scattering vector ( Q).
In the case of a ferromagnet, magnetic and nuclear unit cell are identical, resulting in
the same reciprocal lattice vector for magnetic and nuclear scattering. In the neutron

diffraction experiment, magnetic reflections appears at the same position at which
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the nuclear reflections are observed. In the case of an antiferromagnet, magnetic and
nuclear unit cell can be different, resulting in the new magnetic reciprocal lattice
vectors (different from nuclear reciprocal lattice vectors). As a result, in the neutron
diffraction experiment, magnetic reflections appear at positions different from the

nuclear Bragg reflections.

2.5.4 Neutron Powder Diffractometers

In this thesis work, a variety of neutron powder diffractometers have been exten-
sively used to get a deep insight into the crystal and magnetic structures. In the
angle dispersive neutron powder diffraction measurements, a monochromatic neu-
tron beam is incident on a powder sample. In a powder sample, some crystallite
will be in the correct orientation to satisfy the Bragg’s law, the diffracted neutron
beam, therefore, lies on the surface of several cones, called Debye-Scherrer cones.
The neutrons scattered out in the Debye-Scherrer cones are then detected by a de-
tector bank, which cover a large angular range or solid angle. The neutron powder

diffraction measurements were carried out at

e Dhruva reactor, Trombay, India

e Reactor source at the Institute Laue Langevin (ILL), France

e Continuous spallation source SINQ, Paul Scherrer Institute (PSI), Switzerland.

The high resolution neutron powder diffraction (NPD) method allows a precise
measurement of lattice constants. However, for the crystal structure having a low
crystal symmetry, the determination of the lattice constants is difficult because
of the overlap of the Bragg peaks. The peak shape and width in the diffraction
pattern determine the particle size and microstructure. Now we will mention the

characteristics of the neutron powder diffractometers used in the present study.
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2.5.4.1 The Powder Diffractometer-I1

The Powder Diffractometer-II is installed on the beam tube TT-1013 at the Dhruva
research reactor, Trombay, India. The schematic layout of the diffractometer is
shown in the Fig.2.4. The (311) Bragg reflection of the Ge single crystal is used to
get the neutrons of wavelength 1.249 A. The instrument is designed to study both
crystal structure and magnetic structures providing a medium resolution (Ad/d
~ 0.8 x 1073). The diffractometer is equipped with five linear position sensitive
detectors (PSD) covering a scattering angle range of 5 - 140°. A closed cycle refrig-
erator covering the temperature range between 4.2 and 300 K is available on the

diffractometer. More information about the instrument can be found in Ref. [4].

POWDER
DIFFRACTOMETER

DETECTOR
SHIELD

PSD
ORC BANK

SAMPLE
k. =1.249A°

MONOCHROMATOR

Ge (331)
S MONOCHROMATOR
2 : DRUM
P
REACTOR YOKE
BIOLOGICAL SHIELD
SHIELD |

Figure 2.4: Schematic of the powder diffractometer II at Dhruva reactor, Trombay
(adapted from Ref. [4]).
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2.5.4.2 The DMC Powder Diffractometer

DMC is a high intensity neutron powder diffractoemter at SINQ, PSI, Switzerland,
which is well suited for the determination of the magnetic structures. The instru-
ment is located at the cold neutron guide RNR12. The diffractometer is equipped
with a position sensitive BF3 banana-type multi-detector array (400 single detectors

with an angular separation of 0.2°). An radial oscillating collimator eliminates the

detector
radial collimation \\/
\ J \

neutron guide

T LT
T

...~ monochromator

Figure 2.5: Schematic layout of the powder diffractometer DMC at SINQ (adapted
from Ref. [5]).

parasitic coherent scattering peaks from components of sample environment equip-
ments. The diffractometer is flexible to house a variety of sample environments and
is capable to deliver the neutrons with the wavelength in the range of 2.3 A to 5 A.
For the magnetic structure determination of the compounds studied in the present
thesis, a constant wavelength of 2.46 A has been used. The schematic layout of the

DMC powder diffractometer is shown in Fig. 2.5. More information about the DMC
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instrument can be found on the PSI web page [5].

2.5.4.3 The D1B Powder Diffractometer

D1B is a high intensity neutron powder diffractometer at ILL, Grenoble. The instru-
ment is extensively used by a larger user community for the determination of mag-
netic structures. The diffractometer is equipped with *He/CF; position-sensitive

detectors covering the scattering angle (26) of 128° (from 0.8 to 128.8°). At small

| |:f' '.5}._;

Nevéron Guide

Figure 2.6: Schematic layout of the powder diffractometer D1B at ILL, Grenoble
(adapted from Ref. [6]).

scattering angle, the instrument provides high resolution, FWHM ~ 0.2° (for a sam-
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ple in 8 mm diameter vanadium can). A focusing pyrolytic graphite [(002) reflection]
monochromator provides a neutron beam of wavelength 2.52 A, with the neutron
flux of 6.5 x 10° n cm~2s™! at the sample position. The germanium monochromator
[(311) reflection] provides a neutron beam of wavelengths 1.28 A, with the neutron
flux of 0.4 x 10° n em™2s7! at the sample position. For the magnetic structure
determination of the compounds Cag 75 R.25C020¢6 (R = Lu and Dy), studied in the
present thesis, we have used the diffractometer in the high flux mode (A = 2.52
A) and data collection was performed over 1.5 - 30 K (Chapter 6). The schematic
layout of the D1B powder diffractometer is shown in Fig.2.6. More details about

the instrument can be found on the ILL web page [6].

2.5.4.4 The D2B Powder Diffractometer

D2B diffractometer based at ILL, Grenoble is a very high-resolution (Ad/d ~ 5 x
10~%) two-axis powder diffractometer. The instrument is located at thermal beam
tube H11. Different wavelengths on the diffractometer can be obtained by changing
the Bragg reflection of the germanium monochromator. The take-off angle of the
monochromator is 135°. The diffraction pattern can be recorded over a scattering
angular range of 5 - 165°. A variety of the sample environment equipments (cryostat,
furnace, pressure cell, etc.) can be mounted on this diffractometer. The schematic
layout of the D2B powder diffractometer is shown in Fig.2.7. More details about
the instrument can be found on the ILL web page [7]. In the present study, data
collection on D2B diffractometer was performed at 1.5 and 50 K on Cag 75 Rg.25C02054

(R = Lu and Dy) samples (Chapter 6).
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Figure 2.7: Schematic layout of the powder diffractometer D2B at ILL, Grenoble
(adapted from Ref. [7]).

2.6 Magnetometer

Measurement of dc magnetization can provide an important information about the
presence of a magnetic phase transition and the nature of dominant exchange in-
teractions. In the present work, a vibrating sample magnetometer (VSM) has been
used for dc magnetization measurements. The VSM operates on the principle of
Faraday’s law of induction. According to the Faraday’s law of induction, when the
magnetic flux associated with a coil changes, then an induced electromotive force

(emf) is generated in the coil, which is given by

dop
=N —2 2.24
e o (2.24)
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Here, e is the induced electromotive force, N is the number of turns in the coil,
¢p is the magnetic flux associated with the coil and ¢ is the time. In the VSM, a
sample is attached to the sample rod, which undergoes vertical sinusoidal motion,
thereby yielding the sinusoidal motion of the sample. If the sample is magnetized
(by an external magnetic field), then the oscillations will induce an electromotive
force (electrical signal) in the pick-up coil (Fig.2.8), which is given by Eq. (2.24).

If the sample moves along the z-axis, then Eq. (2.24) can be written as,

/_

s

Figure 2.8: Schematic diagram of the sample and VSM pick-up coils (adapted from
Ref. [8]).

dogp dz
e=-N—7 —. (2.25)

If the sample vibrates with an amplitude A and frequency w, then

z = Aexp(iwt),

dz

i Adw expliwt); (2.26)
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Therefore

d
e=—-NAiw % exp(iwt). (2.27)
z

The VSM is calibrated with a Ni standard sample (Ni cylinder: Purity 99.99 %,
1 mm diameter x 1 mm length, weight = 0.006 mg with known magnetic moment
of 0.329 emu at 300K) to give a saturation magnetization of 55 £ 0.5 Am?/kg at
0.5 T. The emu induced due to the Ni standard sample (Vy; in Volts) with known
magnetic moment (My; in emu) has been stored as the calibration file. Then the
magnetic moment of any unknown sample (M, known in emu) can be calculated from

the emf induced by that sample as
My

Munkmown = Vunknown e
Wai

(2.28)

The schematic diagram of the VSM showing the position of the sample, supercon-

Computer —
Reference coil [L_H Data acquisition
I E \/\/\ Digital function generator
Vibrator W
Pick-up coils A _|_U_|
Cryostat B Lock-in amplifier Ref
Magnet I v Magnet power supply
X 7 —p Sample GPIB interface
A
B Temperature controller ——
B

Figure 2.9: Schematic diagram of the VSM setup. The external magnetic field is
created by the superconducting magnet (adapted from Ref. [8]).
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ducting magnet, vibrator, temperature controller, and pick up coils for measuring
the magnetic moment is shown in Fig. 2.9. In the present thesis work, we have used
an Oxford Instruments VSM for the fields up to 12 T (temperature range 1.5 - 300
K) and a Cryogenic limited VSM for the fields up to 9 T (temperature range 1.8
- 300 K). For the measurement on the powder samples, powder is compressed into
small pellet and loaded in the sample holder located at the end of the sample rod.

The shapes of the sample are either elliptical or cylindrical.

2.7 Mossbauer Spectroscopy

The recoilless emission and resonant absorption of the y-rays is known as Mdssbauer
effect. The effect was discovered by R. L. Mossbauer [36] in 1957, who received the
Nobel prize [37] for this discovery in 1961. Mossbauer effect has been observed
in many isotopes such as 5"Fe, 'Ni, Ru, '»'Eu, »Gd, %Ir, 1%Pt, and ¥7Au.
Among these, the isotope with the strongest recoilless resonant absorption is °Fe.
The nuclear decay scheme of ®"Fe is shown in Fig.2.10. The *"Co having half life
of 270 days serves as source of the excited >"Fe nuclei. The excited 5"Fe nuclei (I
= 3/2) decay to the ground state (I = 1/2) by emitting y-ray photons of energy
14.4 keV. The emitted v-ray can excite a second nucleus if it is absorbed resonantly.
However, in the free nucleus, the conservation of the momentum imparts a recoil
energy [Er = E.?/2mc?, here m is the mass of the nucleus emitting, . is the
energy corresponding to the difference between nuclear energy levels of the nucleus
(14.4 keV for the isotope >"Fe), Ep is recoil energy, and c is the velocity of light] to
the emitting nucleus. As a result, the energy of emitted -ray photon is not enough
to excite another nucleus of the same isotope. The recoil energy (Eg) for the free
nucleus (~ 1072 eV) is found to be much larger than the line width (~ 1079 eV).

In 1957, Mossbauer discovered that for nuclei in solid, under certain conditions
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Figure 2.10: Nuclear decay scheme of ®"Fe isotope (adapted from Ref. [9]).
Mossbauer spectroscopy involves the v-ray of 14.4 keV.

(if phonon excitation does not occur during the y-ray emission), the mass m in the
expression of Er(= E.?/2mc?) could be equal to the mass of the crystal and the
recoil momentum of the ~-ray is taken by the entire crystal. In such a case, the
recoil energy is very small and ~-ray can be resonantly absorbed by the another
nucleus of the same isotope. This recoilless emission and resonant absorption are
the essential processes of the Mossbauer effect.

The hyperfine interactions, i.e. interactions between nucleus and its neighboring
electrons, shifts the nuclear levels, resulting in a slight change in the transition en-
ergy for the emitting and absorbing nucleus. The perfect overlap can be obtained by
making the use of the Doppler effect, i.e., by moving the y-ray source with respect to

the absorber. Mossbauer spectra give a quantitative information about the hyper-
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fine interactions. The quantitative information can be used to determine the local
chemical environment, valence and spin states of the resonant atom. Three main
hyperfine interactions are (i) electric monopole interaction, (ii) electric quadrupole
interaction, and (iii) magnetic dipole interaction. In the present thesis work, *"Fe
Mossbauer spectroscopy has been used to study the structural and magnetic prop-
erties of iron containing compounds CazCoy_,Fe,Og (z = 0.1, 0.2, 0.4, and 1.0).
The discussion given below for the three hyperfine interactions is, therefore, limited
to the ®"Fe isotope.

(i) Isomer shift (electric monopole interaction): The isomer shift arises due
to the Coulomb interaction between protons of the nucleus and electrons (mainly
s-electrons), over the volume of the nucleus. The radius of the nucleus is different in
its ground and excited states, and the electron density at the nucleus depends upon
the chemical environment. The difference in the chemical environment of the reso-
nant atom, in the source and the absorber, thus produces a shift in the resonance
energy.

(ii) Quadrupole splitting (electric quadrupole interaction) : It arises due
to the interaction between quadrupole moment of the nucleus and electric field gra-
dient (EFG) at the nucleus. The ground state of >"Fe (I = 1/2) nucleus has zero
quadrupole moment, however, the excited state (I = 3/2) has a finite quadrupole
moment. The excited state (I = 3/2) is splitted in the doublet in the certain
crystalline electric field environment (which has non zero EFG) and then two lines
appear in the Mossbauer spectra as shown in Fig. 2.11.

(iii) Nuclear Zeeman interaction (magnetic dipole interaction) : It arises
due to the interaction between magnetic moment of the nucleus and local magnetic
field. The interaction energy of the nuclear system in a magnetic field B is given by,

Ey = -gnpunmyB. Here, gy is the nuclear g-factor. Due to the four possible values
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of my, the ground state with I = 1/2 splits into two levels and the excited state
(I = 3/2) splits into four levels, leading to the six possible lines in the Méssbauer
spectrum due to the selection rule Am; = 0, £1 (shown in Fig. 2.11). Thus the
resonance lines of the iron will be splitted into a sextet in the presence of a magnetic

field, with the splitting proportional to the magnetic field.
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Figure 2.11: The effect of isomer shift, quadrupole splitting, and nuclear Zeeman
interaction on the nuclear energy levels of 5"Fe (adapted from Ref. [10]).

2.7.1 Mossbauer Spectroscopy Instruments

The Mossbauer spectrometers used in the present work are situated at the Solid
State Physics Division, Bhabha Atomic Research Centre, Trombay, India, and Racah
Institute of Physics, Hebrew University, Jerusalem, Israel. The spectrometers were
operated in constant acceleration mode (triangular wave) in transmission geometry.
We used °"Co in Rh matrix (strength ~ 50 mCi) as Mossbauer source. The velocity

calibration was done with a room temperature a-Fe absorber.
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2.8 Rietveld Refinement

The crystal structural refinement techniques, which are mostly used today, are based
on the formalism suggested by H. M. Rietveld [38] in 1969. Prior to Rietveld, the
structure refinements from the powder diffraction patterns were performed using
the integrated intensities of a set of Bragg reflections and converting them into the
structure factors. The structure factors were then used to solve or refine the crystal
structure, in the same way as one does for the single crystal data. This procedure
works well when the diffraction peaks don’t overlap. However, when the indepen-
dent diffraction peaks overlap in a powder diffraction pattern, which may be due to
poor resolution of the instrument or due to a lower symmetry of the crystal struc-
ture, useful information contained in the profile of these overlapping peaks is lost.
This makes crystal structure refinement from the powder diffraction data difficult.
In 1969, Rietveld developed a structure refinement method, which overcomes the
problem of the peak overlaps by employing the entire diffraction pattern, with a
variety of refinable parameters. This allows the extraction of maximum information
because overlapping Bragg peaks are used for the structural analysis/refinement.
Rietveld refinement is based on the weighted least square fit of the entire observed
diffraction pattern to the calculated one. The quantity to be minimized in the least

square refinement is

X2 = Z Wil Yo — yzc(ﬁ)}Z . (2.29)

Here w; is the weightage of an individual observed intensity y;,, given by w; =
1/0%, and 0,2 is the variance of “y;, 7. The (3’s are the refinable parameters of the
calculated profile. The calculated powder profile intensity at a given point 7 is given
by

Yo = sz Limy, | EFy 12 Q(20; — 20,) PeA + (2.30)
k
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Here s is the scale factor, L is the Lorentz-polarization factor, my is the multiplic-
ity factor, F*,; is the structure factor, 2 is the profile function, P;, the preferred
orientation function, and A is an absorption factor. The profile function is a convo-
lution of the instrumental profile and the intrinsic profile of the sample. The 6, is
the calculated position of the Bragg peak and y;, is the background intensity. The
summation in Eq. (2.30) is over all possible reflections which contribute at the 26y.
The structure factor F*,;; depends on the the positions j of the atoms in the unit

cell, and is given by

N B;sin’ 0
Ffy = f exp2mi(ha; + ky; + 1z)] eXp(—JT) . (2.31)

j=1

Here f; is the scattering factor of the j atom and Bj; is the isotropic temperature
parameter. The sum in Eq. (2.31) is over all atoms in the unit cell, and (z;, y;,
z;) are the fractional positional coordinates of the j atom. The atomic scattering
factor f; is replaced by scattering length b; in the case of neutron scattering.

Best estimate of the values of the parameters §’s in Eq. ( 2.29) are obtained by

setting the derivative to zero,

wi(yio - yzc)% =0. (232)

This results in n “normal” equations. Because Eq. (2.29) is non-linear and tran-
scendental in parameters, non-linear least-squares fitting has to be used to optimize
(refine) the parameters. This means approximate values for all the parameters are
required in the first cycle of the refinement. In the Rietveld method, more than one
nuclear (and/or magnetic) phase can be refined simultaneously.

The quality of agreement between observed and calculated profiles is evaluated

by residual functions defined as :
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Profile factor,

R,=100Y" % : (2.33)
i=1,n Ji0

i=1n

The weighted profile factor,

n o — |2
Ry, = 100[ 2=l Qy”‘ M2, (2.34)
> i1 Wil

The expected weighted profile factor,

n—p
Rewp = 100[m]1/27 (2.35)

Here, n and p are the total number of data points and the total number of refin-
able parameters used in the refinement, respectively. These agreement factors (R-
factors) quantify how well the calculated pattern fits to the observed pattern. The
R, quantifies the difference between observed and calculated diffraction patterns
on a point-by-point basis. The R,,, is most valuable index because it weights the
residual (the quantity to be minimized in the refinement). The factor R.,, indicates
the quality of the data. The value of R, can never be better than R.;,. One can

also use goodness of fit (GOF'), which compares Ry, t0 Reyp,

Ry

erp

GOF = \* = [2)2. (2.36)

The GOF should never be less than one. If the refinement results in GOF < 1,
it means either one of the two things (i) the standard deviations for the data are
overestimated and (ii) the model is trying to fit the noise. A important point to
be noted here is that these agreement factors are statistically defined parameters,

which don’t account for poor or incorrect data. These factors are important when
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one tries to fit the different models to the same data. It is, therefore, necessary to
make visual estimation of the fit by plotting the calculated, observed, and difference
patterns, simultaneously. In the present thesis work, the program Fullprof [39,
40], in combination with the graphical user interface program WinPLOTR, has
been used to refine the crystal structures and to determine the magnetic structures.
The representation theory analysis for determining magnetic structures has been
performed using the BASIREPS [39, 40] (built in WINPLOTR) and the SARAH

[41] programs.



CHAPTER 3

Crystal Structure

3.1 Introduction

For several decades, A3 BOs-type [A = alkali, alkaline-earth metal or rare-earth ions,
and B = transition metal ions| perovskite oxides have received a lot of attention
due to their interesting physical properties, such as, ferroelectricity, colossal mag-
netoresistance (CMR), metal-insulator transition, multiferroicity, etc. In addition,
the composition of the perovskite oxides is highly flexible and can accommodate a
variety of cations at both A and B sites. The crystal structure of an ideal cubic
perovskite (as shown in Fig. 3.1) consists of corner sharing (BOg) octahedra, with A
cations occupying the cage created by eight (BOg) octahedra. The A cations are in
6 fold oxygen co-ordination, and the B cations are in 12 fold oxygen co-ordination.
Due to the size incompatibilities (which give rise to several modes of tilting of the
BOg octahedra), several structural modifications of the ideal perovskite structure
have been observed. The hexagonal perovskite structure is a variant of the oxygen
packing in the perovskite oxides, leading to a structure containing chains of face shar-
ing BOg octahedra, separated by the chains of A cations. The crystal structure of
A3 MX Og-type [A = Ca, Sr and (M, X) = alkali or transition metal ions] quasi-one-
dimensional spin-chain compounds, studied in the present thesis, is a modification of
the hexagonal perovskite structure. Both cubic and hexagonal perovskite structures
can be described as the stacking of the closed pack [AOj] layers and the subse-

quent filling of the generated octahedral sites by the B cations. An“-A-B-A-B-"

1)
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stacking sequence results in the hexagonal perovskite structure, however, an “-A-B-
C-A-B-C-7 stacking sequence results in the cubic perovskite structure. The crystal
structure of the A3MXOg-type quasi-one-dimensional spin-chain compounds, can
be generated from the stacking of the A3 M Og layers (obtained by tripling the [AO3]
layers and replacing the three oxygen anions with one M cation) and by filling the

generated octahedral sites with the X cations.

>

o

Figure 3.1: The crystal structure of an ideal cubic perovskite oxide. The cation A
is located in the middle of eight interconnected BOg octahedra.

The compounds of A3MXOg4 family crystallize in the K4CdClg type rhombohe-
dral structure with space group R3c. The crystal structure consists of chains of
alternating face-sharing M Og trigonal prism (TP) and X Og octahedra (OCT) run-
ning along the crystallographic ¢ axis [Fig. 3.2(a)]. These chains, separated by the
non-magnetic A cations, are arranged on a triangular lattice in the ab plane with

each chain surrounded by the six chains [Fig. 3.2(b)]. These chains are linear if no
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Figure 3.2: (a) Crystal structure of A3MX Og-type compounds. Atoms A and O
are represented by blue (largest) and red (smallest) spheres, respectively. (b) A
projection on the ab plane showing the triangular arrangement of the spin chains
(blue long-dashed lines). The open circles in Fig.(b) represent the chains and the
red short-dashed lines represent the unit cell in the ab plane.
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structural distortion exists at the M Og trigonal prism and the X Og octahedra. The
K,CdClg type rhombohedral structure undergoes a monoclinic distortion if ions at
(M, X) position are Jahn-Teller ions. For example, SrsCuPtOg crystallizes in the
monoclinic structure (space group C2/c) due to the presence of Cu™? (Jahn-Teller)
cation at the M site [42] resulting in the zigzag arrangement of Cu and Pt ions along
the ¢ axis. The compound CazCuMnOg undergoes a further structural distortion
and crystalizes in the triclinic structure [43, 44] with space group P1, which is a
subgroup of the space group C2/c. Similar to the perovskite structure, AzMX Og
family can accommodate a variety of cations at the Mand X sites in a wide range
of oxidation states. A list of the representative members of the A3MX Og family is
given in Ref. [45].

We will now describe in detail the structural characterization of the polycrys-
talline compounds, CazCos_,Og (z = 0, 0.1, 0.2, 0.4, and 1) and Cag 75 Rg.25C020g
(R= Lu and Dy) of the A3MXOg family, which have been studied in the present
thesis work. All compounds were prepared using the solid state reaction method

(described in Chapter 2).

3.2 Experimental Details for Structural Study

Powder x-ray diffraction (XRD) measurements were performed on all the samples
at room temperature using a Cu K, radiation from scattering angle (260) 10° to 90°
in equal 260 steps of 0.02° [covering a scattering vector () (= 4 7 sinf/)\) range of
0.71 to 5.77 A=1)].

For the compounds CazCos_,Fe,Og (z =0, 0.1, 0.2, and 0.4), neutron diffraction
patterns were recorded at room temperature using the five linear position sensitive
detector (PSD) based powder diffractometer (A = 1.249 A) at Dhruva research

reactor, Trombay [4] from scattering angle 6° to 138° covering a @) range of 0.53 to
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9.398 A1, Neutron diffraction patterns were converted in equal 20 steps of 0.02°
using the standard procedure.

For the compounds Cag 75 R 25C0206(R = Lu and Dy), neutron diffraction mea-
surements were carried out on the high-resolution powder diffractometer D2B at
the Institut Laue-Langevin (ILL) in Grenoble (France)[7]. The diffraction patterns
were collected at 50 K in an angular range 8° < 26 < 150° with 26 step of 0.05°,
using a wavelength of 2.39 A. The x-ray and neutron diffraction data were analyzed
by the Rietveld method using the FULLPROF program [40].

Mossbauer spectra for the compounds CagCoy_,Fe,Og (z = 0.1, 0.2, 0.4, and
1.0) were measured at room temperature using a conventional constant acceleration
spectrometer in transmission geometry. A v-ray source of 5"Co in Rh matrix at
room temperature was used. An a-Fe absorber was used at room temperature to

calibrate the Doppler velocity V' and also as the standard for the isomer shift (IS).

3.3 Results and Discussion

3.3.1 Crystal Structure of CazCo; ,Fe, O (z = 0, 0.1, 0.2, and 0.4)
3.3.1.1 X-ray and Neutron Diffraction Studies

The x-ray and the neutron powder diffraction patterns for the x = 0, 0.1, 0.2, and
0.4 compounds, recorded at 297 K, are shown in Figs. 3.3 and 3.4, respectively. The
diffraction patterns were analyzed by the Rietveld refinement technique using the
FULLPROF program [40]. Both x-ray and neutron diffraction patterns for each
composition were refined simultaneously. In the Rietveld refinement of the neutron
diffraction patterns, coherent scattering lengths (be.,) 0.470 x 10712 0.249 x 1072,
0.945 x 107'2, and 0.580 x 107'2 cm for Ca, Co, Fe, and O, respectively, have been

used. The refinement confirms that these compounds crystallize in the rhombohe-
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Figure 3.3: Observed (open circles) and calculated (solid lines) x-ray diffraction
patterns of CazCos_,Fe,Og (z = 0, 0.1, 0.2, and 0.4) at 297 K. Solid line at the
bottom of each panel shows difference between observed and calculated patterns.
Vertical lines show the position of Bragg peaks. The (hkl) values corresponding to
stronger Bragg peaks are also listed.
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Figure 3.4: Observed (open circles) and calculated (solid lines) neutron diffraction
patterns of CazCos_,Fe,Og (z = 0, 0.1, 0.2, and 0.4) at 297 K. Solid line at the
bottom of each panel shows difference between observed and calculated patterns.
Vertical lines show the position of Bragg peaks. The (hkl) values corresponding to
stronger Bragg peaks are also listed.
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Figure 3.5: (a) Crystal structure of CagCosOg projected on the ab plane. For clarity
calcium atoms are not shown. (b) One-dimensional [CoOg|s chains in CazCoyOg.
(¢) Face-sharing octahedral and trigonal prismatic CoOg polyhydra.

dral structure (space group R3c). There are six formula units per unit cell. The
refinement also confirms that for all iron substituted compounds entire Fe is located

at the TP site, 6a (0, 0, 1/4), with no trace of unreacted Fe. In these compounds,
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Figure 3.6: Lattice constants and unit cell volume for CazCoy_,Fe,Og4 as a function
of iron content. Solid lines are guide to the eye.

Figure 3.7: Unit cell of CazCoy_,Fe,Og (z = 0, 0.1, 0.2, and 0.4), showing se-
lected (Col-O-Co2 and Co02-O-Co2) bond angles. Only selected atoms are shown
for clarity.
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Fe/Co ions, therefore, form the linear chain along the crystallographic ¢ axis (shown
in Fig. 3.5 for the compound CazgCoy0g). The refined unit cell parameters and other
structural parameters are given in Table 3.1. Figure 3.6 depicts the Fe substitution
dependence of the lattice constants and the unit cell volume. Selected interatomic
distances and bond angles (along the chain and between chains) are shown in Fig. 3.7
and their values are given in Table 3.2. The values of the cell constants, interatomic
distances, and bond angles obtained for the parent compound CazCoy0g match well
with the values reported in the literature [46]. It is evident that there is no signif-
icant change in the lattice parameters (only slight increase in lattice constant a),

unit cell volume, bond angles, and bond lengths by substitution of iron.

3.3.1.2 Mossbauer Study

Mossbauer spectra for CazgCoy_,Fe,Og (z = 0.1, 0.2, and 0.4) at room temperature
are shown in Fig.3.8. All spectra have been fitted well with an asymmetric dou-
blet. An analysis of these spectra gives the quadruple splitting |QS|: 1.21, 1.23,
1.23 mm/s and isomer shift (IS): 0.41, 0.40, and 0.40 mm/s for z = 0.1, 0.2, and
0.4 samples, respectively. In the literature, the similar values of IS for high spin
(HS) Fe*' have been reported; 0.35, 0.39, and 0.43 mm/s for LiFeqsMn; 504[47],
a-LiF50g [48], and CazFeRhOg [49], respectively. The QS values, observed for our
compounds, are similar to the values reported in the literature for HS Fe?* at TP
site in the same class of compounds; 1.13 mm/s for CagFeRhOg (Ref.[49]) and
1.23 mm/s for CazCoy ggFeg204[50]. For HS Fe3* in the FeOg OCT, the reported
QS values, are 0.02, 0.58 and 0.75 mm/s for a-LiF5Og [48], a- LiFeOy [51], and
LiFeq s Mn; 504[47], respectively, which are much lower than our experimentally ob-
served values. Therefore, possibility of Fe** occupying octahedral site can be ruled

out. From the observed values of IS and QS, we can conclude that HS Fe?* is located
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Table 3.1: Atomic positions, lattice constants, and thermal parameters for the com-
pounds CazCos_,Fe,Og. All crystallographic sites are fully occupied.

r  Atom Site x Y z Biso
Ca  18e 0.3698(2) 0 1/4 0.39 (4)
Col 60 0 0 0 0.37 (8)
Co2  6a 0 0 1/4 0.48 (9)
O 36f 0.1774(4) 0.0257 (5) 0.1145 (3) 0.53 (2)
0.1 Ca 18e 0.3697(6) 0 1/4 0.40 (5)
Col 60 0 0 0 0.38 (9)
Co2 6a 0 0 1/4 0.34 (9)
Fe 6a 0 0 1/4 0.49 (8)
O 36f 0.1779(6) 0.02377(6) 0.1133(6) 0.73 (4)
0.2 Ca 18e 0.3693(3) 0 1/4 0.49 (4)
Col 60 0 0 0 0.45 (8)
Co2  6a 0 0 1/4 0.5 (2)
Fe  6a 0 0 1/4 0.5 (4)

O  36f 0.1765(2) 0.0238(2) 0.1138(2) 0.69 (3)

0.4 Ca 18¢ 0.3692(2) 0 1/4 0.5 (4)
Col 60 0 0 0 0.39 (9)

Co2  6a 0 0 1/4 0.54 (7)

Fe  6a 0 0 1/4 049 (7)

O 36/ 0.1759(3) 0.0235(3) 0.1139(2) 0.85 (4)

at the TP (Co2) site. This result (Fe is located at the TP site) is consistent with
the outcome of our Rietveld refinement of x-ray and neutron diffraction patterns.
3.3.2 Crystal Structure of Ca3CoFeOQOg

3.3.2.1 X-ray Diffraction Study

The profile matching refinement of the x-ray diffraction pattern for CazCos_,Fe,Og
(z = 1.0), using the FULLPROF [38], is shown in Fig. 3.9. The refinement confirms

the formation of a single phase, in a triclinic structure (space group P1). The unit
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Table 3.2: Selected bond lengths and bond angles for CazCos_,Fe,Og samples.

z  Bond Length  (A) Bond angle
along the chain
0 Ca-0O 2.345(5) 2.459(2)
2.550(3) 2.470(1)
Col-O 1.916(2)
Co2-O 2.070(1) Co1-0-Co2 81.14(9)°
Col-Co2 2.59569
between the chains
Co2-0O 3.905(2) C02-0-Co2 132.55(8)°
Co2-Co2 5.52000
0.1 Ca-O 2.339(4) 2.452(3)
2.476(3) 2.548(3)
Col-O 1.919(3) Co1-0-Co2 80.8(1)°
Co2-O 2.079(3)
Col-Co2/Fe 2.59570
between the chains
Co2-0O 3.903(3)
Co2-Co2 5.52147 Co2-0-Co2 132.40(2)°
0.2 Ca-O 2.393(2) 2.463(2)
2.474(1) 2.552(3)
Col-O 1.920(2) Co1-0O-Co2 81.25(3)°
Co2-0 2.067(2)
Col-Co2/Fe 2.59572
between the chains
Co2-0O 3.912(1)
Co2-Co2 5.52191 Co2-0-Co2 132.44(6)°
04 Ca-O 2.346(3) 2.468(2)
2.551(3) 2.468(2)
Col-O 1.922(2) Co1-0O-Co2 81.48(9)°
Co2-0O 2.062(2)
Col-Co2 2.59573
between the chains
Co2-0O 3.918(2)

Col-Co2 5.52203 C02-0-Co2 132.39(8)°
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Figure 3.8: Mdssbauer spectra for CazCoy_,Fe,Og(z = 0.1, 0.2, and 0.4) at room
temperature. Solid lines are the fitted curves.

cell parameters are shown in the figure panel. The ¢ axis is at angle of 18.47 4 0.04°
relative to the perpendicular to the ab plane. The unit cell volume is 523.3 A3. Tt
may be mentioned here that the used profile matching refinement method [38] allows

one to obtain only the crystal system, its space group, and the lattice parameters.
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Since with this higher Fe substitution (z = 1.0), the crystal structure has completely
changed from the known rhombohedral structure (for lower Fe substituted samples),
it is not possible to use the Rietveld refinement method which needs position of all
the atoms in the unit cell. Hence the used method, unlike the Rietveld profile
refinement, does not give the refined position of the atoms in the unit cell. Hence,
we are not in a position to give any further structural details. However, the present
diffraction data analysis could clarify the single phase nature of the sample with the

above mentioned crystallographic information.

=
| = a=28.116(2) A
o b=5.798(1)A
3000 4 H c=12.763(3) A
— a =73.24(2)°
£ - B=103.55(2)°
5 y = 113.25(1)°
& 2000 -
s
> i o
2
2
£

26 (deg)

Figure 3.9: The x-ray diffraction pattern of CazgCoFeOg at 297 K. The solid line
at the bottom of the figure shows the difference between the observed and the
calculated patterns.
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Figure 3.10: The Mossbauer spectra of CazCoFeOg at 520 K.
3.3.2.2 Mossbauer Study

Figure 3.10 depicts the Mossbauer spectrum for the compound CazCoFeOg at 520
K, above magnetic ordering temperature Ty ~ 500 K (discussed in Chapter 4).
The spectrum is composed of two Fe subspectra associated with the two different
crystallographic sites (Fig. 3.10). The one with the larger isomer shift and positive
qaudrupole interaction is denoted arbitrarily as site “1”. The derived values of the
isomer shift and qaudrupole interaction are 0.22 and 0.64 mm/s for site “1”, and
0.05 and -0.65 mm/s for site “2”, respectively. The relative spectral area, which
gives information about the relative occupation of “Fe” | is almost equal for the site
“17 and “2”. Thus it is clear that in the compound CazCoFeOg, the iron occupies
two different crystallographic sites with almost equal probability. The results of a

detailed Mossbauer study below Ty will be presented in Chapter 4.
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3.3.3 Crystal Structure of Cay75R(25;C0,04

6 O O 1 CaZ.?SDyO.ZSCOZOG

- Space Group : R 3c
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Figure 3.11: Observed (open circles) and calculated (solid lines) x-ray diffraction
patterns of Cag 75 Rg.25C0206(R = Lu and Dy) at 297 K. Solid line at the bottom of
each panel shows difference between observed and calculated patterns. Vertical lines
show the position of the Bragg peaks. The (hkl) values corresponding to stronger
Bragg peaks are also listed.

The crystal structure of the compounds Cag 75 Ro.25C020¢ (R = Lu and Dy) has

been investigated by combining the Rietveld refinement of x-ray and neutron diffrac-

tion patterns. The unit cell parameters with high precision were determined from
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Figure 3.12: Observed (open circles) and calculated (solid lines) neutron diffraction
patterns of Cagr75R0.25C0206(R = Lu and Dy) at 50 K. Solid line at the bottom
of each panel shows difference between observed and calculated patterns. Vertical

lines show the position of the Bragg peaks.

the Rietveld refinement of the x-ray diffraction patterns at room temperature. The

refined unit cell parameters were used as a starting point in the refinement of the

neutron powder diffraction patterns. For the lighter atoms, the neutron scattering is

more sensitive than the x-ray scattering, therefore, the positions of the oxygen atoms
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obtained from the refinement of the neutron diffraction patterns were included and
fixed in the last step of the refinement of the room temperature x-ray diffraction pat-
terns. Following this procedure, we have obtained reliable unit cell parameters. The
Rietveld refined room temperature x-ray diffraction patterns are shown in Fig. 3.11,
whereas the refined neutron diffraction patterns at 50 K are shown in Fig. 3.12.
The Rietveld refinement of x-ray and neutron diffraction patterns confirms the sin-
gle phase formation of both compounds in the rhombohedral structure (space group
R3c). The crystal structure contains linear chains that are made up of alternating
face-sharing CoOg octahedra (with Col) and CoOyg trigonal prisms (with Co2), run-
ning along the crystallographic ¢ axis. The refined unit cell parameters and other
structural parameters obtained from the refinement of the room temperature x-ray
patterns are given in Table3.3. A comparison of the observed structural parame-
ters with that for the parent compound CazCoy0g (Table3.2) shows that with a
substitution of rare-earth ions, the lattice constant ¢ increases, however, the lattice
constant a decreases. The bond lengths Co2-O and Col-Co2 increase significantly,
however, no significant change is observed in the bond length Col-O. The observed
increase in the bond lengths Co2-O with rare-earth substitution suggests that extra
electrons are transferred to the Co ions at the TP site, which is further supported
by dc magnetization, and low temperature neutron diffraction studies (discussed
in Chapter 6). For the parent compound CazCos0g, the bond-valence sum (BVS)
of ~ 3.2 and 2.2 have been reported in the literature for the Col and Co2 ions,
respectively [46]. For the rare substituted compounds, the calculated BVSs values
using the program Bondstr [40] for the Col and Co2 are ~ 3.21 and 1.91 for R =
Dy, and 3.15 and 1.92 for R = Lu, respectively. The observed decrease in the BV Ss
confirms that the oxidation state of a fraction of the cobalt ions at the TP site is

reduced from Co?t to Co?t.
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Table 3.3: Structural parameters (atomic positions, thermal parameters, bond
lengths, and bond angles) obtained from the refinement of the x-ray diffraction pat-
terns at room temperature for Cag 75 Ro.25C020¢ (R = Lu and Dy). Both compounds
crystallize in the space group R3c. The lattice constants are a = 9.0572(2)A, c=
10.4584(3)A and a = 9.0559(1)A, ¢ = 10.4492(3)A for R = Dy and Lu , respectively.

All crystallographic sites are fully occupied.

Compound Atom Site T Y z Biso(A?)
R=Dy  Ca/Dy 18 0.3692(3) 0 0.25  0.34(2)
Col 6b 0 0 0 0.39(6)
Co2 6a 0 0 0.25  0.31(5)
O 36f 0.1786(8) 0.0220(9) 0.1124(6)  0.78(3)
Bond lengths (inA)
Col-Co2  2.6146(2)
Col-O  1.928(9)
Co2-0  2.099(6)
Bond angle
Col-O-Co2  80.9(2)°
R=Lu  Ca/Lu 18 0.3692(3) 0 025  0.32(2)
Col 6b 0 0 0 0.33 (6)
C02 6a 0 0 025  0.35(5)
0 36/  0.1783(8) 0.0254(9) 0.1120(6)  0.81(3)

Bond lengths (inA)
Col-Co2  2.6123(3)
Col-O 1.913(7)
Co2-0  2.090(7)
Bond angle
Col-O-Co2  81.4(3)°

3.4 Summary and Conclusions

We have prepared single phasic polycrystalline samples of the spin-chain compounds

CazCoy_,Fe,Og (z = 0, 0.1, 0.2, 0.4, and 1.0) and Cag75R025C0206(R = Lu and
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Dy). Rietveld refinement of x-ray and neutron diffraction patterns confirms that
all compounds, except CazCoFeQg, crystallize in the rhombohedral structure (space
group R3c) and the crystal structure contains one-dimensional chains of alternat-
ing face-sharing CoOg octahedra (with Col) and (Co/Fe)Og trigonal prisms (with
Co2/Fe), running along the crystallographic ¢ axis. With the Fe-substitution (z <
0.4), no significant changes in the lattice parameters, unit cell volume, bond angles,
and bond lengths have been observed. For the compounds CazgCosy_,Fe,Og (z = 0.1,
0.2, and 0.4), the Rietveld refinement of neutron diffraction patterns, and Méssbauer
study confirm that the Fe3™ ions (in the HS state) are located only at the TP site.
For the rare earth substituted compounds Cag 75Ro.25C020¢(R = Lu and Dy), the
refinement shows that trivalent rare earth ions (R*") are located at the Ca®* (18¢)
site, and bond lengths Co2-O and Col-Co2 increase significantly, as compared to
the parent compound CazCos04. The observed increase in the bond lengths Co2-0O,
with rare earth substitution, suggests that extra electrons are transferred to the Co2
ions at the TP site. For the compound CazCoFeOg (z = 1), the profile matching
refinement of the x-ray diffraction pattern confirms the triclinic crystal structure

(space group P1).



CHAPTER 4

Magnetic Ground State of Spin-chain Compounds

CagCOQ_xFGxOG

4.1 Introduction

Among the A3M X Og-type spin-chain compounds, which crystallize in the space
group R3c, the compound CazCo,Og and its derivatives are model systems for the
triangular lattice antiferromagnets [42, 50, 52-57, 57-67]. In the CazCoy0q, Co®"
ions are located at 6a [trigonal prisms (TP)] and 6b [octahedra (OCT)] crystallo-
graphic sites. Due to the crystalline electric field, the Co®" ions in this compound
have very strong Ising-like anisotropy with moment (for the TP sites), preferentially
aligned along the crystallographic ¢ direction. The Co®" ions in the adjacent spin
chains are shifted by 1/6 or 1/3 along the ¢ axis, perpendicular to the ab plane.
The compound CazCoy0g is reported to undergo two successive magnetic phase
transitions at Ty ~ 25 K and T yo &~ 10 K [68]. In the temperature range between
Tn1 and Ty, this compound would exhibit a partially disordered antiferromagnet
(PDA) state [as shown in the Fig. 4.1 (a)], a state where 2/3 ferromagnetic Ising
spin chains order with antiferromagnetic interchain interaction while the remaining
1/3 are left incoherent (disordered with zero net magnetization) [68]. There is sill
an ambiguity regarding the nature of the magnetic state of this compound below
T N2, whether it is a frozen spin state (a state in which 1/3 incoherent spin chains

freeze randomly) or a ferrimagnetic (FI) state [as shown Fig. 4.1 (b)]. The very
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