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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 spinchain compounds of type A3 MX O6 [A = Ca, Sr, and (M, X ) = alkali or transition 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 O6 trigonal prisms (TP) and X O6 octahedra (OCT)
running along the crystallographic c axis. These chains, separated by non-magnetic
A2+ ions, 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 intrachain and antiferromagnetic interchain interactions, combined with a triangular
arrangement of spin-chains may give rise to a geometrical frustration in these compounds. 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 Ca3 Co2 O6 , Ca3 Co2−x Fex O6 (x = 0.1, 0.2, 0.4, and 1.0), and
Ca2.75 R0.25 Co2 O6 (R = Lu and Dy). In the compound Ca3 Co2 O6 , spin-chains are
made up of alternating face sharing CoO6 octahedra (with Co1) and CoO6 trigonal
prisms (with Co2) with a Co-Co separation of ∼ 2.6 Å (along the chain). The different crystalline electric ﬁelds at the OCT and TP sites lead to the diﬀerent spin
states of the Co3+ ions in this compound; low spin (S = 0) and high spin (S =
2) states at the OCT(6b) and TP(6a) sites, respectively. The Co3+ spins at the
TP sites have an Ising-like magnetic anisotropy and are aligned along the crystallographic c 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 Ca3 Co2 O6 ,
has large orbital moment (1.7 µB ), while the Fe3+ ions have zero orbital momentum
(a closed subshell without orbital degrees of freedom). Moreover, the ionic radii of
the Co3+ and Fe3+ with six oxygen coordination are very close (0.61 and 0.645 Å,
respectively). No strong lattice eﬀect will, therefore, be introduced, and changes
only due to the diﬀerent magnetic character of the spins of Co3+ and Fe3+ are expected. The choice of rare earth (R 3+ ) doping at the Ca2+ site is motivated by the
theoretical prediction from the band structure calculations that magnetic properties
for the compound Ca3 Co2 O6 can be tuned by electron doping. The diﬀerence in the
ionic radii of the rare earth (R 3+ ) and the calcium (Ca2+ ) may change the distance
between magnetic ions. The diﬀerence in the oxidation state of the R 3+ and Ca2+
is expected to vary the oxidation state of Co3+ in the compound Ca3 Co2 O6 . 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 A3 MX O6 type quasi-one-dimensional
spin-chain compounds and how the geometrical frustration arises in these compounds 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 thesis is given. A brief introduction and working principles of the various experimental
techniques (x-ray diﬀraction, neutron diﬀraction, dc magnetization, and Mössbauer
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 Ca3 Co2 O6 ,
Ca3 Co2−x Fex O6 (x = 0.1, 0.2, 0.4, and 1.0), and Ca2.75 R 0.25 Co2 O6 (R = Lu and
Dy). The Rietveld reﬁnement of x-ray and neutron diﬀraction patterns conﬁrms
that all compounds, except Ca3 CoFeO6 , crystallize in the rhombohedral structure
(space group R 3̄c). For the compounds Ca3 Co2−x Fex O6 (x = 0.1, 0.2, and 0.4), the
Rietveld reﬁnement of neutron diﬀraction patterns and Mössbauer study conﬁrm
that the Fe3+ ions are located only at the TP site. For the rare earth substituted
compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy), the reﬁnement shows that the trivalent rare earth ions R 3+ are located at the Ca2+ (18e) site, and bond lengths Co2-O
and Co1-Co2 increase signiﬁcantly, as compared to the parent compound Ca3 Co2 O6 .
The observed increase in the bond lengths Co2-O, with rare earth substitution, suggests that extra electrons are transferred to the Co2 ions at the TP site. The crystal
structure of all the compounds, except for Ca3 CoFeO6 , contains one-dimensional
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chains made up of alternating face-sharing CoO6 octahedra and (Co/Fe)O6 trigonal
prisms, running along the crystallographic c axis. For the compound Ca3 CoFeO6 ,
the proﬁle matching reﬁnement of the x-ray diﬀraction pattern conﬁrms a triclinic
crystal structure (space group P 1̄).
Chapter 4 is divided into two parts. The ﬁrst part of this chapter describes
the magnetic structure of the compounds Ca3 Co2 O6 and Ca3 Co2−x Fex O6 (x = 0.2
and 0.4). In the ﬁrst approximation, two diﬀerent commensurate magnetic structures, (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 N =
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 incommensurate spin density wave (SDW) structure, having a modulation and an alignment
of the spins along the crystallographic c 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 T N ). For the parent compound Ca3 Co2 O6 , 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 k2 = {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 Ca3 Co2 O6 ) shows that the magnetic
ground state is a coherent superposition of the magnetic structures belonging to the
propagation vectors k1 = {0, 0, 1.009(3)} and k 2 = {0.5, 0.5, 0}. The second part
describes Mössbauer spectroscopy studies of spin-spin relaxation in the compounds
Ca3 Co2−x Fex O6 (x = 0.2 and 0.4), and nature of magnetic ordering in Ca3 CoFeO6 .
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The compounds with x ≤ 0.4 are paramagnetic above ∼ 90 K, and the iron exhibits slow spin relaxation phenomena even at room temperature. However, for the
compound Ca3 CoFeO6 ,which crystallizes in the triclinic space group P 1̄, the iron resides almost equally in two diﬀerent crystallographic sites and exhibits a very high
magnetic ordering temperature T N ∼ 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 antiferromagnetic, however, with a small ferromagnetic component displaying hysteresis
along with a saturation magnetization of about 0.02 µB /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 Ca3 Co2−x Fex O6 (x = 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 (θp = 27.8 for x = 0 compound) and it becomes negative (-1.6 K for x = 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 Ca3 Co2−x Fex O6 (x = 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 state. Neutron diﬀraction study has been
carried out to study the spin-spin correlations in the compound Ca3 Co1.8 Fe0.2 O6 ,
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

Synopsis

7

ﬁeld of ∼ 2 T, a phase transition from the zero ﬁeld SDW structure (T N ∼ 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 Ca3 Co1.8 Fe0.2 O6 are very much diﬀerent from the parent compounds Ca3 Co2 O6 . 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 Ca3 Co2 O6 . 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 Ca2+ (18e)
site on the magnetic properties of the compounds Ca2.75 R 0.25 Co2 O6 (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 (θp ) are 28.4 and 16.6 K for R = Lu and Dy compounds, respectively. For the parent compound Ca3 Co2 O6 , the value of θp is ∼ 30 K. The observed
decrease in the value of the θp 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, indicating 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 corresponds to the SDW structure, having c axis as direction of the moment and the
modulation. For both compounds, reﬁned value of the maximum moment at the
6b site is zero. The reﬁned value of the maximum moment at the 6a site is same
(∼ 4.2 µB ) for both compounds. For the parent compound Ca3 Co2 O6 , the reported
value of the maximum moment at the 6a site is ∼ 5.1 µB . 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 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 Co2+ . 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 Ca3 Co2−x Fex O6 (x = 0.2 and 0.4), however, diﬀerent
from that observed for the parent compound Ca3 Co2 O6 .
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 frustrated compounds are discussed. A novel time dependence in the intensity of the
magnetic reﬂections has been observed for the compound Ca3 Co2 O6 . A possibility
to study the eﬀect of an external magnetic ﬁeld on the observed time dependent
magnetic behavior (for Ca3 Co2 O6 ) is also discussed. The magnetic properties of
the compounds (A3 MX O6 family) studied in the present thesis have been compared
with other class of frustrated magnetic systems [ABX 3 (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 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 system 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 crystal 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 dimensional 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, quantumphase transitions, fractional quantum Hall eﬀect, magnetic frustration, multiferroicity, 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 magnetic properties of the quasi-1D spin-chain oxides, Ca3 Co2 O6 , Ca3 Co2−x Fex O6 , and
Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy), of the A3 MXO6 -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 c 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 ferromagnetic intrachain exchange interaction between magnetic ions is much stronger
than the antiferromagnetic interchain exchange interaction. These spin-chain oxides 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 (Ca3 Co2 O6 ) of the A3 MXO6 -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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(a)

(b)

b
a
Figure 1.1: (a) Crystal structure of A3 MX O6 -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 longdashed 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 interactions (due to exchange eﬀects), in the absence of an external magnetic ﬁeld, is given
by,

H=−

∑

[Jx Six Sjx + Jy Siy Sjy + Jz Siz Sjz )] .

(1.1)

<ij>

Here J ’s are the exchange integrals and the summation is over the nearest neighbors. This general Hamiltonian is known as the XYZ model. The values of exchange
integrals determine the anisotropy of the exchange interaction. The exchange interactions (i) are isotropic, if Jx = Jy = Jz , (ii) have a planar anisotropy if Jx = Jy , Jz
= 0, (iii) have a uniaxial isotropy, if Jx = Jy = 0, and Jz ̸= 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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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 T > 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

H = −J

N
−1
∑

z
Siz Si+1
.

(1.2)

i=1

Here spin Si = ±1 and J is exchange constant. The ground state (T = 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 E = −(N − 1)J,
and the entropy S = 0. The elementary excitation in the one dimensional Ising

(a)

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

(a) All spins

spin-chain is a domain wall [Fig. 1.2 (b)]. The creation of a domain wall costs an
extra energy E = 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 △S = k B ln(N -1). Hence, the
free energy (F = E - T S ) cost to create such a domain wall is

△ F = 2J − kB T ln(N − 1) .

(1.3)

It is evident from Eq. (1.3) that for T > 0, as the size of the system grows (N
→ ∞), 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 kB T ln 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

△ F = 2JL − T ln(L) .

(1.4)

It is clear from Eq. (1.4) that △ F > 0 in the limit L → ∞. 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.

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 longrange magnetic order at any ﬁnite temperature. Destruction of the order at any
non-zero temperature can be understood as a consequence of proliferation of spinwaves, 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 dimensional 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 quasione-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, onedimensional 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 longrange magnetic ordering develops in the real systems. The most extensively studied
Ising and Heisenebrg spin-chain compounds are CsCoCl3 [21, 22] and KCuF3 [23],
respectively. In the compound KCuF3 , the spin-chains contain magnetic Cu2+ (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 N of 39 K. In
the one-dimensional Ising spin-chain system CsCoCl3 , the spin-chains contain Co2+
(3d 7 ) 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 antiferromagnets 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 longrange 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 arrangement 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

(a)

(b)

Figure 1.4: A geometrically frustrated antiferromagnet with Ising spins on the twodimensional (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 comparison, let us discuss the behavior of an unfrustrated antiferromagnet. We consider
Ising spins on a square lattice with antiferromagnetic nearest neighbor interactions.

Chapter 1.

Introduction

37

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 degeneracy. 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 kB N, here N is the number of spins
and k B 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 interactions 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 ordering 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

Pyrochlore

Kagome

2D

FCC

3D

3D

Figure 1.5: Geometry for magnetic frustration in 2D and 3D lattices (reproduced
from [2]).
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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 O6 family (considered in the present thesis
work) or A′ B X 3 (where A′ is an alkali ion, B is a transition metal ion, and X is a
halide ion) [31–33] family.
The compound CsCoCl3 [31, 32] is one of the well studied 1D Ising spin chain
compounds in the A′ BX 3 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 CsCoCl3 ). The crystal structure of the compound CsCoCl3 consists of chains of Co2+ ions with eﬀective spin S = 1/2, arranged on a triangular
lattice, running along the crystallographic c axis. Both the intrachain and interchain 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 A3 MX O6 -type spin-chain compounds, the most interesting compound is Ca3 Co2 O6 . The compound Ca3 Co2 O6 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
CsCoCl3 , 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. Moreover, the cobalt ions in these compounds have one more degree of freedom, a possibility 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 magnetic 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 A3 MX O6 -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 O6 trigonal prisms (TP) and X O6 octahedra (OCT) running along
the crystallographic c axis. These chains, separated by non-magnetic A2+ 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 compounds Ca3 Co2 O6 ,

Ca3 Co2−x Fex O6 (x

= 0.1,

0.2,

0.4,

and 1.0),

and

Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy). In the compound Ca3 Co2 O6 , spin-chains are
made up of alternating face sharing CoO6 octahedra (with Co1) and CoO6 trigo-
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nal prisms (with Co2) with a Co-Co separation of ∼ 2.6 Å (along the chain). The
diﬀerent crystalline electric ﬁelds at the OCT and TP sites lead to the diﬀerent
spin states of the Co3+ ions in this compound; low spin (S = 0) and high spin
(S = 2) states at the OCT(6b) and TP(6a) sites, respectively. The Co3+ spins
at the TP sites have an Ising-like magnetic anisotropy and are aligned along the
crystallographic c 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
Ca3 Co2 O6 , have large orbital moment (1.7 µB ), while the Fe3+ ions have zero orbital
momentum (a closed subshell without orbital degrees of freedom). Moreover, the
ionic radii of the Co3+ and Fe3+ with six oxygen coordination are very close (0.61
and 0.645 Å, respectively). No strong lattice eﬀect will, therefore, be introduced,
and changes only due to the diﬀerent magnetic character of the spins of Co3+ and
Fe3+ 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: Fe3+ (Heisenberg) and Co3+ (Ising). The choice of rare earth (R 3+ ) doping at the Ca2+ site is
motivated by the theoretical prediction from the band structure calculations that
magnetic properties for the compound Ca3 Co2 O6 can be tuned by electron doping.
The diﬀerence in the ionic radii of the rare earth (R 3+ ) and the calcium (Ca2+ ) may
change the distance between magnetic ions. The diﬀerence in the oxidation state
of the R 3+ and Ca2+ is expected to vary the oxidation state of Co3+ in the compound Ca3 Co2 O6 . 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 description 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 diﬀraction, dc magnetization, and Mössbauer 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 Ca3 Co2 O6 ,
Ca3 Co2−x Fex O6 (x = 0.1, 0.2, 0.4, and 1.0), and Ca2.75 R 0.25 Co2 O6 (R = Lu and
Dy). The Rietveld reﬁnement of x-ray and neutron diﬀraction patterns conﬁrms
that all compounds, except Ca3 CoFeO6 , crystallize in the rhombohedral structure
(space group R 3̄c). For the compounds Ca3 Co2−x Fex O6 (x = 0.1, 0.2, and 0.4), the
Rietveld reﬁnement of neutron diﬀraction patterns and Mössbauer study conﬁrm
that the Fe3+ ions are located only at the TP site. For the rare earth substituted
compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy), the reﬁnement shows that the trivalent rare earth ions R 3+ are located at the Ca2+ (18e) site, and bond lengths Co2-O
and Co1-Co2 increase signiﬁcantly, as compared to the parent compound Ca3 Co2 O6 .
The observed increase in the bond lengths Co2-O, with rare earth substitution, suggests that extra electrons are transferred to the Co2 ions at the TP site. The crystal
structure of all the compounds, except for Ca3 CoFeO6 , contains one-dimensional
chains made up of alternating face-sharing CoO6 octahedra and (Co/Fe)O6 trigonal
prisms, running along the crystallographic c axis. For the compound Ca3 CoFeO6 ,
the proﬁle matching reﬁnement of the x-ray diﬀraction pattern conﬁrms a triclinic
crystal structure (space group P 1̄).
Chapter 4 is divided into two parts. The ﬁrst part of this chapter describes
the magnetic structure of the compounds Ca3 Co2 O6 and Ca3 Co2−x Fex O6 (x = 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 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 N = 25, 20, and 17 K, for x = 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 c 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 T N ). For the parent compound Ca3 Co2 O6 ,
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 k2 = {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 Ca3 Co2 O6 ) shows that the magnetic
ground state is a coherent superposition of the magnetic structures belonging to the
propagation vectors k1 = {0, 0, 1.009(3)} and k 2 = {0.5, 0.5, 0}.
The second part of this Chapter describes Mössbauer spectroscopy studies of
spin-spin relaxation in the compounds Ca3 Co2−x Fex O6 (x = 0.2 and 0.4), and nature of magnetic ordering in Ca3 CoFeO6 . The compounds with x ≤ 0.4 are paramagnetic above ∼ 90 K, and the iron exhibits slow spin relaxation phenomena even
at room temperature. However, for the compound Ca3 CoFeO6 ,which crystallizes in
the triclinic space group P 1̄, the iron resides almost equally in two diﬀerent crystallographic sites and exhibits a very high magnetic ordering temperature T N ∼
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 ferromagnetic component displaying hysteresis along with a saturation magnetization of
about 0.02 µB /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 Ca3 Co2−x Fex O6 (x = 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 (θp = 27.8 for x = 0 compound) and it becomes negative (-1.6 K for x = 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 Ca3 Co2−x Fex O6 (x = 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 diﬀraction study has been carried out to study the spin-spin correlations in the compound
Ca3 Co1.8 Fe0.2 O6 , 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 (T N ∼ 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
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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 Ca3 Co1.8 Fe0.2 O6 are very much
diﬀerent from the parent compound Ca3 Co2 O6 . 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 Ca3 Co2 O6 . 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 Ca2+ (18e)
site on the magnetic properties of the compounds Ca2.75 R 0.25 Co2 O6 (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 (θp ) are 28.4 and 16.6 K for R = Lu and Dy compounds, respectively. For the parent compound Ca3 Co2 O6 , the value of θp is ∼ 30 K. The observed
decrease in the value of the θp 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, indicating 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 incommensurate propagation vector k = {0, 0, 1.02}. The magnetic structure corresponds to
the SDW structure, having c axis as directions of both moment and modulation.
For both compounds, reﬁned values of the maximum moment at the 18e (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 µB ) for both compounds. For
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the parent compound Ca3 Co2 O6 , the reported value of the maximum moment at
the 6a site is ∼ 5.1 µB . 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 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 Co2+ .
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
Ca3 Co2−x Fex O6 (x = 0.2 and 0.4), however, diﬀerent from that observed for the
parent compound Ca3 Co2 O6 .
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 frustrated compounds are discussed. A novel time dependence in the intensity of the
magnetic reﬂections has been observed for the compound Ca3 Co2 O6 . A possibility
to study the eﬀect of an external magnetic ﬁeld on the observed time dependent
magnetic behavior (for Ca3 Co2 O6 ) is also discussed. The magnetic properties of
the compounds (A3 MX O6 family) studied in the present thesis have been compared
with other class of frustrated magnetic systems [ABX 3 (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 references 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 experimental techniques, and computational techniques, employed to investigate the structural
and magnetic properties of the spin-chain oxides. After a brief discussion on the sample 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 Mössbauer spectroscopy techniques is
given. At the end of the chapter, the Rietveld method, to reﬁne the crystal structures 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 polycrystalline 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 repeated 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 overcome the diﬀusion barrier. Polycrystalline compounds Ca3 Co2 O6 , Ca3 Co2−x Fex O6
47
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(x = 0.1, 0.2, 0.4, and 1.0), Ca2.75 R 0.25 Co2 O6 (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, Co3 O4 ,
and Fe2 O3 , for the compounds Ca3 Co2−x Fex O6 ; CaCo3 , Dy2 O3 or Lu2 O3 , and CoO
for the compounds Ca2.75 R 0.25 Co2 O6 ] 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 Φ = 16 mm using the hydraulic pressure of ∼ 2 ton/cm2 .
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 Φ = 16 mm using the hydraulic pressure
of ∼ 5 ton/cm2 . Step 5: The pellets were again 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 6: The phase purity of the sample was checked by x-ray diﬀraction with a Cu
Kα radiation. The scattering angle (2θ) range of 10 ◦ C to 90 ◦ C was scanned (step
size = 0.02 ◦ C). For all compounds (except for Ca3 CoFeO6 ), the observed x-ray reﬂections could be indexed using the space group R3̄c. The observed x-ray reﬂections
for the compound Ca3 CoFeO6 could be indexed using the space group P 1̄.

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

Calcination

Pressed into pellets

Heating at high temperature

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 E i and wave-vector k i is scattered by the sample into a radiation of
energy E f and wave-vector k f . In the case of elastic scattering |k f | =|k i |, E i = E f ,
and the important parameter to analyze the elastic scattering is momentum transfer
or scattering vector Q = k f -k i , whose magnitude is deﬁned by Q =(4π/λ)sinθ.
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
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radiation. By measuring the intensity of the diﬀracted radiation as a function of
the magnitude of the scattering vector (Q), 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.

Q

2θ
Incident radiation
Wave vector: ki
Energy: Ei

Scattered radiation
Wave vector: kf
Energy: Ef

Wave vector transfer
Q = kf - ki
Energy transfer ∆E = Ef -Ei

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 xrays 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 sinθ, which should be an integral multiple of
the wavelength, i.e.
2d sinθ = nλ .

(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 (λ), and the diﬀraction angle (2θ). 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, λ
1
2

θ

θ

d
d sinθ
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
1
dσ
= r2o (1 + cos2 2θ) .
dΩ
2

(2.2)

Here r o is the classical electron radius and 2θ 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

dσ
∼ | ro
dΩ

∫
ρ(r )eiQ.r d3 r |2

1
(1 + cos2 2θ) .
2

(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),
∫
ρ(r )eiQ.r d3 r .

f (Q) =

(2.4)

The form factor f (Q)→ Z for Q → 0, and f (Q)→ 0 for Q → ∞. The scattering
amplitude F (Q) for the crystal lattice is obtained by summing the contribution from
all the atoms,
F (Q) =

∑

fj (Q)eiQ.Rj .

(2.5)

j

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
∑
dσ
∝|
fj (Q)eiQ.Rj |2 .
dΩ
j

(2.6)

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 α
radiation.
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Neutron Scattering
Neutron Sources

Neutrons for the scattering experiments can be produced by two methods, (i) nuclear ﬁssion and (ii) spallation source. The ﬁssion reaction, which occurs inside the
uranium fuel rods in the reactor, is given by,
235

U + n −→ A + B + 2.5 n .

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 (H2 O, D2 O).
Neutron is an excellent probe to investigate both crystal and magnetic structures. 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, neutron 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 excitations. 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

dσ
total number of neutrons scattered into the solid angle dΩ per unit time
=
.
dΩ
(incident ﬂux)dΩ
(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
mn 2
dσ
=(
) |
dΩ
2π~2

∫

V(r )e−iQ.r |2 .

(2.8)

The interaction potential V (r) for neutron-nucleus interaction is described by Fermi
pseudo potential
2π~2
V (r ) =
b δ(r − R) .
mn

(2.9)
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Here b is the scattering length and m n 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 j is given by

V (r) =

2π~2 ∑
bj δ(r − Rj ) .
mn j

(2.10)

Here b j is scattering length of the nucleus at site j. Combining Eq. (2.8) with (2.10)
yields the cross section
∑
dσ
=|
bj eiQ.Rj |2 .
dΩ
j

(2.11)

For neutron-nuclear scattering, scattering length b j 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
∑
∑
dσ
= <|
bj eiQ.Rj |2 > =
< bj bj ′ > eiQ.(Rj −Rj′ ) .
dΩ
j
j,j ′

(2.12)

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,

< bj bj ′ > = < bj >< bj ′ > = < b2 >, f or j ̸= j ′ ;

(2.13a)

< bj bj ′ > = < bj >2 = < b2 >, f or j = j ′ .

(2.13b)
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Combining Eqs. (2.12) and 2.13, we get
j̸=j ′

∑
∑
dσ
=
< b >2 eiQ.(Rj −Rj′ ) +
[< b2 > − < b >2 ] .
dΩ
j
j,j ′

(2.14)

Using the relation

|

∑
j

iQ.Rj

e

(2π)2 ∑
| =N
δ(Q − G),
vo G
2

Eq. (2.14) yields
∑
dσ
(2π)2
δ(Q − G) + N [< b2 > − < b >2 ]
= N
< b >2
dΩ
vo
G
= (

dσ
dσ
)coh + (
)inc .
dΩ
dΩ

(2.15)

Here N is the total number of unit cells and vo 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 δ-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| = 2π/d hkl and
scattering vector |Q| = 4π sinθ/λ, then the condition Q = G yields,

2d sin θ = λ,

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

(

∑
(2π)3
dσ
)coh = N
< b >2
δ(Q − G)|FN (G)|2 ,
dΩ
vo
G

(2.16)
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with
FN (G) =

∑

eiQ.d bd .

(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−Wd , 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) =

∑

eiQ.d bd e−Wd .

d

Now we will discuss the magnetic neutron scattering.

2.5.3

Magnetic Elastic Scattering

Since neutron has magnetic moment (µ̂n = -γµN σ̂), it can interact with atomic
magnetic moment via dipole-dipole interaction. The interaction can be expressed
as
Ĥint = −µ̂n .He .

(2.18)

Here γ = 1.913 is gyromagnetic ratio, µN is nuclear magneton, σ̂ is pauli spin
operator, and H e 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 S, the magnetic moment is gS µB , and the magnetic scattering
amplitude is given by pS, with

p=(

γr0
)gf (Q) .
2

(2.19)
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Here r 0 is classical electron radius and f (Q) is magnetic form factor (Fourier transformation of the spin density in an atom), given by,
∫
ρs (r)eiQ.r d3 r .

f(Q) =

(2.20)

In an ideal paramagnet, magnetic moments are uncorrelated and completely independent. Diﬀerential scattering cross section for a paramagnet with only one type
of magnetic ions is given by

(

2
dσ
) = N p2 e−2W S(S + 1) .
dΩ
3

(2.21)

In this case, the scattering is Q-dependent due to magnetic form factor and DebyeWalller factor e−2W .
For the magnetic elastic scattering, the coherent scattering cross-section is given
by
(

dσ
(2π)3 ∑
δ(Q − GM )|FM (GM )|2
)coh = NM
dΩ
vM G

(2.22)

M

Here NM is the total number of magnetic unit cells, vM is the volume of the magnetic
unit cell, and GM is the magnetic reciprocal lattice vector. The magnetic structure
factor F M is given by

FM (GM ) =

∑

pj S⊥ eiGM .dj e−Wj .

(2.23)

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 extensively used to get a deep insight into the crystal and magnetic structures. In the
angle dispersive neutron powder diﬀraction measurements, a monochromatic neutron 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 detector bank, which cover a large angular range or solid angle. The neutron powder
diﬀraction measurements were carried out at
• Dhruva reactor, Trombay, India
• Reactor source at the Institute Laue Langevin (ILL), France
• 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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The Powder Diﬀractometer-II

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 Å. The instrument is designed to study both
crystal structure and magnetic structures providing a medium resolution (△d/d
∼ 0.8 × 10−3 ). The diﬀractometer is equipped with ﬁve linear position sensitive
detectors (PSD) covering a scattering angle range of 5 - 140◦ . A closed cycle refrigerator 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].

Figure 2.4: Schematic of the powder diﬀractometer II at Dhruva reactor, Trombay
(adapted from Ref. [4]).
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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 instrument 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

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 equipments. 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 Å to 5 Å.
For the magnetic structure determination of the compounds studied in the present
thesis, a constant wavelength of 2.46 Å 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 instrument is extensively used by a larger user community for the determination of magnetic structures. The diﬀractometer is equipped with 3 He/CF4 position-sensitive
detectors covering the scattering angle (2θ) of 128◦ (from 0.8 to 128.8◦ ). At small

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 Å, with the neutron
ﬂux of 6.5 x 106 n cm−2 s−1 at the sample position. The germanium monochromator
[(311) reﬂection] provides a neutron beam of wavelengths 1.28 Å, with the neutron
ﬂux of 0.4 x 106 n cm−2 s−1 at the sample position. For the magnetic structure
determination of the compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy), studied in the
present thesis, we have used the diﬀractometer in the high ﬂux mode (λ = 2.52
Å) 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 (△d/d ∼ 5 ×
10−4 ) 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 Ca2.75 R 0.25 Co2 O6
(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 interactions. 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

e = −N

dϕB
dt

(2.24)
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Here, e is the induced electromotive force, N is the number of turns in the coil,
ϕB is the magnetic ﬂux associated with the coil and t 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,

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

e = −N

dϕB dz
.
dz dt

(2.25)

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

z = A exp(iωt),
dz
= A i ω exp(iωt);
dt

(2.26)
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Therefore
e = −N A i ω

dϕB
exp(iωt).
dz

(2.27)

The VSM is calibrated with a Ni standard sample (Ni cylinder: Purity 99.99 %,
1 mm diameter × 1 mm length, weight = 0.006 mg with known magnetic moment
of 0.329 emu at 300 K) to give a saturation magnetization of 55 ± 0.5 Am2 /kg at
0.5 T. The emu induced due to the Ni standard sample (VNi in Volts) with known
magnetic moment (MNi in emu) has been stored as the calibration ﬁle. Then the
magnetic moment of any unknown sample (Munknown in emu) can be calculated from
the emf induced by that sample as

Munknown = Vunknown

MNi
.
VNi

(2.28)

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

Mössbauer Spectroscopy

The recoilless emission and resonant absorption of the γ-rays is known as Mössbauer
eﬀect. The eﬀect was discovered by R. L. Mössbauer [36] in 1957, who received the
Nobel prize [37] for this discovery in 1961. Mössbauer eﬀect has been observed
in many isotopes such as

57

Fe,

61

Ni,

99

Ru,

151

Eu,

155

Gd,

193

Ir,

195

Pt, and

197

Among these, the isotope with the strongest recoilless resonant absorption is
The nuclear decay scheme of

57

Fe is shown in Fig. 2.10. The

of 270 days serves as source of the excited

57

57

Au.

57

Fe.

Co having half life

Fe nuclei. The excited

57

Fe nuclei (I

= 3/2) decay to the ground state (I = 1/2) by emitting γ-ray photons of energy
14.4 keV. The emitted γ-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 [E R = E γ 2 /2mc2 , here m is the mass of the nucleus emitting, E γ is the
energy corresponding to the diﬀerence between nuclear energy levels of the nucleus
(14.4 keV for the isotope

57

Fe), E R is recoil energy, and c is the velocity of light] to

the emitting nucleus. As a result, the energy of emitted γ-ray photon is not enough
to excite another nucleus of the same isotope. The recoil energy (E R ) for the free
nucleus (∼ 10−2 eV) is found to be much larger than the line width (∼ 10−9 eV).
In 1957, Mössbauer discovered that for nuclei in solid, under certain conditions
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days

Figure 2.10: Nuclear decay scheme of 57 Fe isotope (adapted from Ref.
Mössbauer spectroscopy involves the γ-ray of 14.4 keV.

[9]).

(if phonon excitation does not occur during the γ-ray emission), the mass m in the
expression of E R (= E γ 2 /2mc2 ) could be equal to the mass of the crystal and the
recoil momentum of the γ-ray is taken by the entire crystal. In such a case, the
recoil energy is very small and γ-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 Mössbauer 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 energy 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 γ-ray source with respect to
the absorber. Mössbauer 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,

57

Fe

Mössbauer spectroscopy has been used to study the structural and magnetic properties of iron containing compounds Ca3 Co2−x Fex O6 (x = 0.1, 0.2, 0.4, and 1.0).
The discussion given below for the three hyperﬁne interactions is, therefore, limited
to the

57

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 resonant 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 gradient (EFG) at the nucleus. The ground state of

57

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 Mössbauer 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,
E M = -g N µN m I B. Here, g N is the nuclear g-factor. Due to the four possible values
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of m I , 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 Mössbauer
spectrum due to the selection rule ∆m I = 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.

Figure 2.11: The eﬀect of isomer shift, quadrupole splitting, and nuclear Zeeman
interaction on the nuclear energy levels of 57 Fe (adapted from Ref. [10]).

2.7.1

Mössbauer Spectroscopy Instruments

The Mössbauer 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 57 Co in Rh matrix (strength ∼ 50 mCi) as Mössbauer source. The velocity
calibration was done with a room temperature α-Fe absorber.
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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 independent 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 structure, 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
2

χ =

n
∑

wi {yio − yic (β)}2 .

(2.29)

i=1

Here w i is the weightage of an individual observed intensity y io , given by w i =
1/σ i 2 , and σ i 2 is the variance of “y io ”. The β’s are the reﬁnable parameters of the
calculated proﬁle. The calculated powder proﬁle intensity at a given point i is given
by
yic = s

∑
k

k
|2 Ω(2θi − 2θk )Pk A + yib
Lk mk | Fhkl

(2.30)
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Here s is the scale factor, Lk is the Lorentz-polarization factor, m k is the multiplicity factor, F k hkl is the structure factor, Ω is the proﬁle function, P k the preferred
orientation function, and A is an absorption factor. The proﬁle function is a convolution of the instrumental proﬁle and the intrinsic proﬁle of the sample. The θk is
the calculated position of the Bragg peak and y ib is the background intensity. The
summation in Eq. (2.30) is over all possible reﬂections which contribute at the 2θk .
The structure factor F k hkl depends on the the positions j of the atoms in the unit
cell, and is given by

k
Fhkl

=

N
∑

fj exp[2πi(hxj + kyj + lzj )] exp(−

j=1

Bj sin2 θ
).
λ2

(2.31)

Here f j is the scattering factor of the j th atom and B j is the isotropic temperature
parameter. The sum in Eq. (2.31) is over all atoms in the unit cell, and (x j , y j ,
z j ) are the fractional positional coordinates of the j th atom. The atomic scattering
factor f j is replaced by scattering length b j in the case of neutron scattering.
Best estimate of the values of the parameters β’s in Eq. ( 2.29) are obtained by
setting the derivative to zero,
n
∑

wi (yio − yic )

i=1

∂yic
=0.
∂β

(2.32)

This results in n “normal” equations. Because Eq. (2.29) is non-linear and transcendental 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,
∑ |y −y |
ic
∑io
,
i=1,n yio
i=1,n

(2.33)

w |y − y |2
i=1
∑ni io 2 ic ]1/2 ,
i=1 wi yio

(2.34)

Rp = 100
The weighted proﬁle factor,
∑n
Rwp = 100[

The expected weighted proﬁle factor,
n − p 1/2
Rexp = 100[ ∑n
] ,
2
i=1 wi yio

(2.35)

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

GOF = χ2 = [

Rwp 2
].
Rexp

(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 B O3 -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 magnetoresistance (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 (B O6 ) octahedra, with A
cations occupying the cage created by eight (B O6 ) 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
B O6 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 sharing B O6 octahedra, separated by the chains of A cations. The crystal structure of
A3 MX O6 -type [A = Ca, Sr and (M, X ) = alkali or transition metal ions] quasi-onedimensional 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 [AO3 ] layers and the subsequent ﬁlling of the generated octahedral sites by the B cations. An“-A-B-A-B-”
75
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stacking sequence results in the hexagonal perovskite structure, however, an “-A-BC-A-B-C-” stacking sequence results in the cubic perovskite structure. The crystal
structure of the A3 MX O6 -type quasi-one-dimensional spin-chain compounds, can
be generated from the stacking of the A3 M O6 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.

A
B
O

Figure 3.1: The crystal structure of an ideal cubic perovskite oxide. The cation A
is located in the middle of eight interconnected B O6 octahedra.

The compounds of A3 MX O6 family crystallize in the K4 CdCl6 type rhombohedral structure with space group R 3̄c. The crystal structure consists of chains of
alternating face-sharing M O6 trigonal prism (TP) and X O6 octahedra (OCT) running along the crystallographic c 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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(a)

A
MO6 Trigonal
Prism
XO6 Octahedra

(b)

b

a
Figure 3.2: (a) Crystal structure of A3 MX O6 -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 O6 trigonal prism and the X O6 octahedra. The
K4 CdCl6 type rhombohedral structure undergoes a monoclinic distortion if ions at
(M, X ) position are Jahn-Teller ions. For example, Sr3 CuPtO6 crystallizes in the
monoclinic structure (space group C 2/c) due to the presence of Cu+2 (Jahn-Teller)
cation at the M site [42] resulting in the zigzag arrangement of Cu and Pt ions along
the c axis. The compound Ca3 CuMnO6 undergoes a further structural distortion
and crystalizes in the triclinic structure [43, 44] with space group P 1̄, which is a
subgroup of the space group C 2/c. Similar to the perovskite structure, A3 MX O6
family can accommodate a variety of cations at the M and X sites in a wide range
of oxidation states. A list of the representative members of the A3 MX O6 family is
given in Ref. [45].
We will now describe in detail the structural characterization of the polycrystalline compounds, Ca3 Co2−x O6 (x = 0, 0.1, 0.2, 0.4, and 1) and Ca2.75 R 0.25 Co2 O6
(R= Lu and Dy) of the A3 MX O6 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 α radiation from scattering angle (2θ) 10◦ to 90◦
in equal 2θ steps of 0.02◦ [covering a scattering vector Q (= 4 π sinθ/λ) range of
0.71 to 5.77 Å−1 )].
For the compounds Ca3 Co2−x Fex O6 (x = 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 (λ = 1.249 Å) at Dhruva research
reactor, Trombay [4] from scattering angle 6◦ to 138◦ covering a Q range of 0.53 to

Chapter 3.

Crystal Structure

79

9.398 Å−1 . Neutron diﬀraction patterns were converted in equal 2θ steps of 0.02◦
using the standard procedure.
For the compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy), neutron diﬀraction measurements 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◦ < 2θ < 150◦ with 2θ step of 0.05◦ ,
using a wavelength of 2.39 Å. The x-ray and neutron diﬀraction data were analyzed
by the Rietveld method using the FULLPROF program [40].
Mössbauer spectra for the compounds Ca3 Co2−x Fex O6 (x = 0.1, 0.2, 0.4, and
1.0) were measured at room temperature using a conventional constant acceleration
spectrometer in transmission geometry. A γ-ray source of

57

Co in Rh matrix at

room temperature was used. An α-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 Ca3 Co2−x Fex O6 (x = 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 (bcoh ) 0.470 × 10−12 , 0.249 × 10−12 ,
0.945 × 10−12 , and 0.580 × 10−12 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 Ca3 Co2−x Fex O6 (x = 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 Ca3 Co2−x Fex O6 (x = 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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(a)

(b)

O

(c)

CoO6 Trigonal
Prism

Co2

CoO6
Octahedra

Co1

Figure 3.5: (a) Crystal structure of Ca3 Co2 O6 projected on the ab plane. For clarity
calcium atoms are not shown. (b) One-dimensional [CoO6 ]∞ chains in Ca3 Co2 O6 .
(c) Face-sharing octahedral and trigonal prismatic CoO6 polyhydra.
dral structure (space group R 3̄c). 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,

Crystal Structure

83

10.390
10.385
10.380
10.375

744
3

740

9.084
a (Å)

Cell Volume (Å )

c (Å)

Chapter 3.

9.080
736

9.076
9.072
0.0

0.1

0.2

0.3

732
0.4

x
Figure 3.6: Lattice constants and unit cell volume for Ca3 Co2−x Fex O6 as a function
of iron content. Solid lines are guide to the eye.

Figure 3.7: Unit cell of Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, and 0.4), showing selected (Co1-O-Co2 and Co2-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 c axis (shown
in Fig. 3.5 for the compound Ca3 Co2 O6 ). 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 Ca3 Co2 O6 match well
with the values reported in the literature [46]. It is evident that there is no significant 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

Mössbauer Study

Mössbauer spectra for Ca3 Co2−x Fex O6 (x = 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 doublet. 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 x = 0.1, 0.2, and
0.4 samples, respectively. In the literature, the similar values of IS for high spin
(HS) Fe3+ have been reported; 0.35, 0.39, and 0.43 mm/s for LiFe0.5 Mn1.5 O4 [47],
α-LiF5 O8 [48], and Ca3 FeRhO6 [49], respectively. The QS values, observed for our
compounds, are similar to the values reported in the literature for HS Fe3+ at TP
site in the same class of compounds; 1.13 mm/s for Ca3 FeRhO6 (Ref.[49]) and
1.23 mm/s for Ca3 Co1.98 Fe0.02 O6 [50]. For HS Fe3+ in the FeO6 OCT, the reported
QS values, are 0.02, 0.58 and 0.75 mm/s for α-LiF5 O8 [48], α- LiFeO2 [51], and
LiFe0.5 Mn1.5 O4 [47], respectively, which are much lower than our experimentally observed values. Therefore, possibility of Fe3+ occupying octahedral site can be ruled
out. From the observed values of IS and QS, we can conclude that HS Fe3+ is located
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Table 3.1: Atomic positions, lattice constants, and thermal parameters for the compounds Ca3 Co2−x Fex O6 . All crystallographic sites are fully occupied.
x

Atom

Site

x

y

z

B iso

0

Ca

18e

0.3698(2)

0

1/4

0.39 (4)

Co1

6b

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)

Ca

18e

0.3697(6)

0

1/4

0.40 (5)

Co1

6b

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)

Ca

18e

0.3693(3)

0

1/4

0.49 (4)

Co1

6b

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)

Ca

18e

0.3692(2)

0

1/4

0.55 (4)

Co1

6b

0

0

0

0.39 (9)

Co2

6a

0

0

1/4

0.54 (7)

Fe

6a

0

0

1/4

0.49 (7)

O

36f

0.1759(3)

0.0235(3)

0.1139(2)

0.85 (4)

0.1

0.2

0.4

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
3.3.2.1

Crystal Structure of Ca3 CoFeO6
X-ray Diﬀraction Study

The proﬁle matching reﬁnement of the x-ray diﬀraction pattern for Ca3 Co2−x Fex O6
(x = 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 P 1̄). The unit
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Table 3.2: Selected bond lengths and bond angles for Ca3 Co2−x Fex O6 samples.
x

Bond

Length (Å)
along the chain

0

Ca-O

2.345(5)

2.459(2)

2.550(3)

2.470(1)

Co1-O

1.916(2)

Co2-O

2.070(1)

Co1-Co2

2.59569

Bond angle

Co1-O-Co2

81.14(9)◦

between the chains

0.1

Co2-O

3.905(2)

Co2-O-Co2

Co2-Co2

5.52000

Ca-O

2.339(4)

2.452(3)

2.476(3)

2.548(3)

Co1-O

1.919(3)

Co1-O-Co2

Co2-O

2.079(3)

Co1-Co2/Fe

2.59570

132.55(8)◦

80.8(1)◦

between the chains

0.2

Co2-O

3.903(3)

Co2-Co2

5.52147

Co2-O-Co2

Ca-O

2.393(2)

2.463(2)

2.474(1)

2.552(3)

Co1-O

1.920(2)

Co1-O-Co2

Co2-O

2.067(2)

Co1-Co2/Fe

2.59572

132.40(2)◦

81.25(3)◦

between the chains

0.4

Co2-O

3.912(1)

Co2-Co2

5.52191

Co2-O-Co2

Ca-O

2.346(3)

2.468(2)

2.551(3)

2.468(2)

Co1-O

1.922(2)

Co1-O-Co2

Co2-O

2.062(2)

Co1-Co2

2.59573

132.44(6)◦

81.48(9)◦

between the chains
Co2-O

3.918(2)

Co1-Co2

5.52203

Co2-O-Co2

132.39(8)◦
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Figure 3.8: Mössbauer spectra for Ca3 Co2−x Fex O6 (x = 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 c axis is at angle of 18.47 ± 0.04◦
relative to the perpendicular to the ab plane. The unit cell volume is 523.3 Å3 . It
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 (x = 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

(104)

above mentioned crystallographic information.

a = 8.116(2) Å
b = 5.798(1)Å
c = 12.763(3) Å
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Figure 3.9: The x-ray diﬀraction pattern of Ca3 CoFeO6 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 Mössbauer spectra of Ca3 CoFeO6 at 520 K.
3.3.2.2

Mössbauer Study

Figure 3.10 depicts the Mössbauer spectrum for the compound Ca3 CoFeO6 at 520
K, above magnetic ordering temperature TN ∼ 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
“1” and “2”. Thus it is clear that in the compound Ca3 CoFeO6 , the iron occupies
two diﬀerent crystallographic sites with almost equal probability. The results of a
detailed Mössbauer study below TN will be presented in Chapter 4.
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Crystal Structure of Ca2.75 R0.25 Co2 O6

Ca2.75Dy0.25Co2O6
Space Group : R3c
a = 9.0572(2)
c = 10.4584(3)
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3.3.3

Crystal Structure
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Figure 3.11: Observed (open circles) and calculated (solid lines) x-ray diﬀraction
patterns of Ca2.75 R 0.25 Co2 O6 (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.

Figure 1
Jain et al.

The crystal structure of the compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy) has
been investigated by combining the Rietveld reﬁnement of x-ray and neutron diﬀraction patterns. The unit cell parameters with high precision were determined from

Neutron counts (arb. unit)
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Figure 2
Jain et al.

Figure 3.12: Observed (open circles) and calculated (solid lines) neutron diﬀraction
patterns of Ca2.75 R 0.25 Co2 O6 (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 patterns. 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 single phase formation of both compounds in the rhombohedral structure (space group
R 3̄c). The crystal structure contains linear chains that are made up of alternating
face-sharing CoO6 octahedra (with Co1) and CoO6 trigonal prisms (with Co2), running along the crystallographic c axis. The reﬁned unit cell parameters and other
structural parameters obtained from the reﬁnement of the room temperature x-ray
patterns are given in Table 3.3. A comparison of the observed structural parameters with that for the parent compound Ca3 Co2 O6 (Table 3.2) shows that with a
substitution of rare-earth ions, the lattice constant c increases, however, the lattice
constant a decreases. The bond lengths Co2-O and Co1-Co2 increase signiﬁcantly,
however, no signiﬁcant change is observed in the bond length Co1-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 Ca3 Co2 O6 , the bond-valence sum (BVS)
of ∼ 3.2 and 2.2 have been reported in the literature for the Co1 and Co2 ions,
respectively [46]. For the rare substituted compounds, the calculated BVSs values
using the program Bondstr [40] for the Co1 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 BVSs
conﬁrms that the oxidation state of a fraction of the cobalt ions at the TP site is
reduced from Co3+ to Co2+ .
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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 patterns at room temperature for Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy). Both compounds
crystallize in the space group R 3̄c. The lattice constants are a = 9.0572(2)Å, c =
10.4584(3)Å and a = 9.0559(1)Å, c = 10.4492(3)Å for R = Dy and Lu , respectively.
All crystallographic sites are fully occupied.
Compound

Atom

Site

x

y

z

B iso (Å2 )

R= Dy

Ca/Dy

18e

0.3692(3)

0

0.25

0.34(2)

Co1

6b

0

0

0

0.39(6)

Co2

6a

0

0

0.25

0.31(5)

O

36f

0.1124(6)

0.78(3)

0.1786(8) 0.0220(9)

Bond lengths (inÅ)
Co1-Co2

2.6146(2)

Co1-O

1.928(9)

Co2-O

2.099(6)
Bond angle

R = Lu

Co1-O-Co2

80.9(2)◦

Ca/Lu

18e

0.3692(3)

0

0.25

0.32(2)

Co1

6b

0

0

0

0.33 (6)

CO2

6a

0

0

0.25

0.35(5)

O

36f

0.1120(6)

0.81(3)

0.1783(8) 0.0254(9)

Bond lengths (inÅ)
Co1-Co2

2.6123(3)

Co1-O

1.913(7)

Co2-O

2.090(7)
Bond angle

Co1-O-Co2

3.4

81.4(3)◦

Summary and Conclusions

We have prepared single phasic polycrystalline samples of the spin-chain compounds
Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, 0.4, and 1.0) and Ca2.75 R 0.25 Co2 O6 (R = Lu and
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Dy). Rietveld reﬁnement of x-ray and neutron diﬀraction patterns conﬁrms that
all compounds, except Ca3 CoFeO6 , crystallize in the rhombohedral structure (space
group R 3̄c) and the crystal structure contains one-dimensional chains of alternating face-sharing CoO6 octahedra (with Co1) and (Co/Fe)O6 trigonal prisms (with
Co2/Fe), running along the crystallographic c axis. With the Fe-substitution (x ≤
0.4), no signiﬁcant changes in the lattice parameters, unit cell volume, bond angles,
and bond lengths have been observed. For the compounds Ca3 Co2−x Fex O6 (x = 0.1,
0.2, and 0.4), the Rietveld reﬁnement of neutron diﬀraction patterns, and Mössbauer
study conﬁrm that the Fe3+ ions (in the HS state) are located only at the TP site.
For the rare earth substituted compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy), the
reﬁnement shows that trivalent rare earth ions (R 3+ ) are located at the Ca2+ (18e)
site, and bond lengths Co2-O and Co1-Co2 increase signiﬁcantly, as compared to
the parent compound Ca3 Co2 O6 . The observed increase in the bond lengths Co2-O,
with rare earth substitution, suggests that extra electrons are transferred to the Co2
ions at the TP site. For the compound Ca3 CoFeO6 (x = 1), the proﬁle matching
reﬁnement of the x-ray diﬀraction pattern conﬁrms the triclinic crystal structure
(space group P 1̄).

Chapter 4
Magnetic Ground State of Spin-chain Compounds
Ca3Co2−xFexO6
4.1

Introduction

Among the A3 M XO6 -type spin-chain compounds, which crystallize in the space
group R3̄c, the compound Ca3 Co2 O6 and its derivatives are model systems for the
triangular lattice antiferromagnets [42, 50, 52–57, 57–67]. In the Ca3 Co2 O6 , Co3+
ions are located at 6a [trigonal prisms (TP)] and 6b [octahedra (OCT)] crystallographic sites. Due to the crystalline electric ﬁeld, the Co3+ ions in this compound
have very strong Ising-like anisotropy with moment (for the TP sites), preferentially
aligned along the crystallographic c direction. The Co3+ ions in the adjacent spin
chains are shifted by 1/6 or 1/3 along the c axis, perpendicular to the ab plane.
The compound Ca3 Co2 O6 is reported to undergo two successive magnetic phase
transitions at T N 1 ≈ 25 K and T N 2 ≈ 10 K [68]. In the temperature range between
T N 1 and T N 2 , 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 N 2 , 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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(b)

Figure 4.1: Schematic diagram of (a) PDA state and (b) ferrimagnetic (FI) state.
The circles
Figure
1, correspond
Jain et al.to the Ising spin chains running along the crystallographic c
axis. The plus and minus signs correspond to the direction of the magnetic moment
along the crystallographic c axis; zero (0) represents the incoherent (the chain with
net zero moment) spin chain. The red short-dashed lines represent the unit cell in
the ab plane and the blue long-dashed lines represent the triangular arrangement of
spin chains.
ﬁrst low temperature neutron powder diﬀraction study for the compound Ca3 Co2 O6
was carried out by Aasland et al. [52]. Based on the analysis of neutron diﬀraction
patterns, Aasland et al. proposed a model for the magnetic structure; according to
this model, the magnetic structure consists of chains (ordered ferrimagnetically) of
alternating magnetic moments of (0.08 ± 0.04) µB and (3.00 ± 0.05) µB for Co3+ at
OCT and TP sites, respectively. The moments in a single chain lie along the c axis
(coupled ferromagnetically). Kageyama [63] et al. also proposed the same model
and they ascribed a reduction in the intensity of the (100) peak below 13 K to a decrease in the ferrimagnetic domain size. The single crystal neutron diﬀraction study
for the compound Ca3 Co2 O6 was carried out by Petrenko et al. [62] in an applied
magnetic ﬁeld H∥c, and they proposed the existence of the PDA state. However,
based on the ratio of intensity of antiferromagnetic peaks for ﬁeld cooled and zero
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ﬁeld cooled samples, they concluded that the ground state of Ca3 Co2 O6 was not a
simple PDA state. In zero ﬁeld, they observed a decrease in the intensity of the
AFM Bragg peak (100) below 15 K, which was ascribed to a possible appearance of
the magnetic domains. According to Petrenko et al., a model describing magnetic
domains might include the xy spin components, i.e., a small deviation of the Co3+
spins from an Ising-like behavior (moment along c axis) was possible [62]. Another
important compound Ca3 CoRhO6 , in the family of A3 MX O6 , was reported (in the
neutron powder diﬀraction study) to order in the PDA state below 90 K [66].
In order to investigate the variation in the crystal structure and magnetic properties associated with 3d electron ﬁlling at octahedral/trigonal prism sites in Ca3 Co2 O6
compound, we substituted cobalt with iron. The choice of the iron substitution at
the cobalt site was motivated by the fact that, in Ca3 Co2 O6 , the Co3+ ions at
the TP site was reported to have an orbital moment of 1.7 µB [69], however, Fe3+
ions have a closed sub-shell, without an orbital degree of freedom, and therefore no
orbital momentum for Fe3+ was expected. Moreover, the ionic radii of Co3+ and
Fe3+ ions in the six oxygen coordination are very close, no lattice eﬀect, therefore,
was expected to be present. The magnetism of these Fe-substituted compounds is
unique in the sense that spin chains are made up of diﬀerent type of spins: Fe3+
(Heisenberg) and Co3+ (Ising). Rietveld reﬁnement of x-ray and neutron diﬀraction patterns conﬁrmed that the compounds Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, and
0.4), crystallized in the space group R 3̄c (Chapter 3). The Rietveld reﬁnement
of neutron diﬀraction patterns and Mössbauer study also conﬁrmed that the Fe3+
ions (in the HS state) were located only at the TP site. Magnetic properties of
the compounds Ca3 Co2−x Fex O6 (x ≤ 0.1) have also been investigated by other
groups[50, 64] using Mössbauer spectroscopy. In the Mössbauer study of the compound Ca3 Co1.98 Fe0.02 O6 , Kageyama et al.[50] observed that Fe spin behaves as an
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“isolated paramagnetic moment” in the ordered host spin system and there is no exchange interaction between Co and Fe spins. Based on the analysis of the Mössbauer
spectra of the compounds Ca3 Co2−x Fex O6 (x = 0.02, 0.04, and 0.1), Arai et al.[64]
reported that Fe3+ spin remains in the “paramagnetic state” in the ferromagnetically ordered chains below the magnetic ordering temperature of 23 K, indicating
that Fe spins are scarcely coupled with the Co spins having a strong Ising nature.
The isolated electron state of Fe3+ with g = 2.00 has also been observed in the ESR
study of the compound Ca3 Co1.98 Fe0.02 O6 by Kageyama et al. [70].
In order to understand how the iron in the paramagnetic state [70] aﬀects the
spin structure, we have carried out a neutron powder diﬀraction study as a function
of temperature for the compounds Ca3 Co2−x Fex O6 (x = 0, 0.2, and 0.4) and the
results are discussed in the present Chapter. The aim of this study is to investigate
the nature of the magnetic ground state of these iron-substituted compounds and
to compare it with that of the parent compound Ca3 Co2 O6 .
For the compound Ca3 CoFeO6 , the results of x-ray diﬀraction study (Chapter
3) showed that the crystal structure has changed to triclinic (space group P1̄).
Mössbauer spectroscopy study showed that the iron resides almost equally in two
diﬀerent crystallographic sites. We do not have information about the positions
of the atoms in the unit cell for this compound. Hence, we have not carried out
any low temperature neutron diﬀraction study for this compound. However, the
magnetic properties have been studied using the Mössbauer spectroscopy and the
dc magnetization techniques (Section 4.3.6).
The results presented in this Chapter have been published [71–73] in international scientiﬁc journals.
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Experimental Details

Polycrystalline samples of the compounds Ca3 Co2−x Fex O6 (x = 0, 0.2, 0.4, and 1)
were prepared by the conventional solid-state reaction method as described in Chapter 2. Rietveld reﬁnement of room-temperature x-ray powder diﬀraction patterns
conﬁrmed that all compounds, except Ca3 CoFeO6 , crystallized in the space group
R 3̄c (Chapter 3).
For the compounds with x = 0, 0.2, and 0.4, the neutron diﬀraction experiments
in the temperature range of 1.5 - 100 K were performed on the cold neutron powder
diﬀractometer DMC at the Paul Scherrer Institute (PSI), Switzerland. For these
measurements, a vanadium can containing the sample was placed in a helium “orange” cryostat. A constant wavelength of 2.46 Å was used, and the diﬀraction data
were analyzed by the Rietveld method using the FULLPROF program [40]. The
representation theory analysis was performed using the BASIREPS software [40].
For the compound Ca3 CoFeO6 , which crystallized in the space group P 1̄ (Chapter 3), the magnetization measurements were carried out using a commercial (Oxford
Instruments) vibrating sample magnetometer.
The Mössbauer study for the compounds with x = 0.2, 0.4, and 1.0 was performed using a conventional constant acceleration drive, a 50 mCi

57

Co: Rh source,

and absorbers, putting in perspex holders for low temperatures (4.2 - 300 K) and
in boron nitride holders for high temperature measurements (300 - 520 K). The
velocity calibration was done with a room temperature α-Fe absorber. The experimentally observed spectra were least square ﬁtted with calculated spectra according
to various models. The spectra for the x = 0.2 and 0.4 samples, at 90 and 300 K,
were ﬁtted in terms of spin up-down relaxation theory formulas [74]. The spectra for
the x = 1 sample were analyzed in terms of full diagonalization of the Hamiltonian
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of magnetic and quadrupole interactions, where the magnetic ﬁeld is at an angle θ
relative to the local axis of the electric ﬁeld gradient (EFG), for simplicity, assuming
axial symmetry for two diﬀerent sites of iron.

4.3

Results and Discussion

4.3.1

Commensurate Magnetic Structure of Ca3 Co2 O6

Figure 4.2 (a) depicts the Rietveld reﬁned neutron diﬀraction patterns for the compound Ca3 Co2 O6 at 100 K. The Rietveld reﬁnement [Fig. 4.2(a)] conﬁrms the single
phase formation of the compound in the space group R 3̄c. The reﬁned values of
the structural parameters are in good agreement with the values reported in the
literature [52]. The additional Bragg peaks in the neutron diﬀraction pattern at 20
K (Figs. 4.2 (b) and (c)), which is below the magnetic ordering temperature (TN ∼
25 K), indicate an antiferromagnetic ordering. These additional Bragg peaks can be
indexed using the propagation vector k = {0, 0, 1} as described below. The magnetic structure has been analyzed using the standard irreducible representational
theory as described by Bertaut [75, 76]. Following that methodology, we have determined the propagation vector group G k (little group), which is formed by the set
of symmetry operations and transforms the propagation vector into an equivalent
vector diﬀering by some arbitrary reciprocal lattice translation. In this particular
case, it is important to take into account that k is not equivalent to -k and it is
also necessary to use both vectors for calculating the magnetic moments (discussed
later). For the propagation vector k = {0, 0, 1}, the irreducible representations of
the propagation vector group G k are given in Table 4.1. The representations Γ1 and
Γ2 are one-dimensional, while representation Γ3 is two dimensional. In Ca3 Co2 O6 ,
Co1 and Co2 ions are located at the 6b (0, 0, 0) and 6a (0, 0, 1/4) sites, respectively.
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Figure 4.2: The Rietveld reﬁned neutron powder diﬀraction patterns of Ca3 Co2 O6
at (a) 100 K, (b) 20 K using the amplitude modulated {k = 0, 0, 1}, and (c)
20 K using the PDA structure: experimental data (open circle), calculated curve
(solid line), and diﬀerence (solid line at the bottom). Vertical marks correspond to
the position of all allowed Bragg reﬂections for the crystal (top row) and magnetic
(bottom row) reﬂections. Neutron diﬀraction pattern at 100 K show only nuclear
Bragg reﬂections.
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Table 4.1: Irreducible representation of the group of the propagation vector Gk , a
= /exp (2 π i /3), b = /exp (4 π i /3).
Symmetry
element Gk

1

3(0,0,z) +

3(0,0,z) −

Γ1
Γ2

1
1

1
1

1
1

Γ3

(x, -x, z ) (x, 2x, z ) (2x, x, 2z )

1
1
1
(
) (
) (
) ( -1 ) ( -1 ) ( -1 )
1 0
a 0
b 0
0 1
0 b
0 a
0 1
0 b
0 a
1 0
a 0
b 0

By using the great orthogonality theorem, the magnetic reducible representations
Γ(6b) and Γ(6a) for these sites can be decomposed as direct sum of irreducible
representations as
(1)

(1)

(2)

(4.1)

(1)

(1)

(2)

(4.2)

Γ(6b | Co1) = 1Γ1 + 1Γ2 + 2Γ3
and

Γ(6a | Co2) = 1Γ1 + 1Γ2 + 2Γ3 .

According to the Bertaut method, in the ﬁrst approximation, the vectors having
the same representation of both sites may be coupled [75, 76]. Therefore, we shall
ﬁrst consider the representations Γ1 and Γ2 to describe the magnetic structure of
the compound Ca3 Co2 O6 . The magnetic moment of the atom “j ” in the asymmetric
magnetic unit cell with the origin at the lattice point R L , for a magnetic structure
characterized by a set of propagation vectors {k}, can be written as the Fourier
series of the form
m L,j =

∑

Skj exp(−2πik .RL ).

(4.3)

k

If k = 1/2H, H being a reciprocal lattice vector, the Fourier coeﬃcients are directly
the magnetic moments. In a general case, the Fourier coeﬃcients are complex vectors. If k is at the interior of Brillouin Zone, then k is not equivalent to -k, and
the vector sum must be extended to the pair k and -k taking into account that
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S kj = S −k
j . Moreover a 1/2 factor must be included in the calculations of the magnetic moments. These Fourier coeﬃcients can be written as a linear combination of
the basis vectors of the irreducible representation of the propagation vector group
Gk ,
S kj =

∑

j
Ψk,j
Ca,m
a,m .

(4.4)

a
j
Here, Ca,m
are the coeﬃcients (real or purely imaginary) and Ψk,j
a,m are the unitary

basis vectors for atom j. The index a varies from 1 up to the dimension of the
irreducible representation. The index m varies from 1 to the number of times the
irreducible representation is contained in the magnetic reducible representation. The
Fourier coeﬃcients, S kjs for a site “js”, in the orbit of the “j ” atom can be calculated
by transforming the S kj according to

S kjs = M js S kj exp(−2πiϕkjs ) .

(4.5)

Where Mjs is a transformation matrix and the phase ϕkjs is related with the centering and returning translations, and it is determined by symmetry. With all these
ingredients the magnetic structure factor can be expressed as

F m (h) = p

n
∑
j=1

Oj fj (h)

∑

Tjs Mjs Skj exp{2πi[h{S|t}s rj − φkjs ]} .

(4.6)

s

In this expression, h = H + k , p = 0.2695, O j is the occupation factor for the “j ”
orbit, fj (h) is the magnetic form factor of the atom j, T js is the Debye-Waller factor
for the atom placed in the position rjs , {S|t}s is the symmetry operator (rotational
and translational part) that transform the atom in the position rj to the atom in
position rjs . The φkjs phase factor includes the ϕkjs and a general phase Ψkj which
cannot be determined by symmetry and is same for all the atoms in the orbit “j ” (
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Table 4.2: Basis vectors of positions 6a and 6b for the representations Γ1 and Γ2 .
IR

Basis vectors ψ a,m k,j for 6b site

Basis vectors ψ a,m k,j for 6a site

Γ1
Γ2

(0, 0, 0)
(0 0 1)
(0 0 1)

(0, 0, 1/4)
(0 0 1)
(0 0 1)

(0, 0, 1/2 )
(0 0 -1)
(0 0 1)

(0, 0, 3/4)
(0 0 -1)
(0 0 1)

φkjs = ϕkjs + Ψkj ).
The scattered intensity due to the magnetic periodicity, at the position given
by h, is proportional to the modulus square of the perpendicular component to the
scattering vector h of the magnetic structure factor vector (| F m⊥ (h) |2 ).
The basis vectors of special positions 6a and 6b for the representations Γ1 and
Γ2 are given in Table 4.2. Figures 4.3 and 4.4(a) show the magnetic structures corresponding to the representations Γ1 and Γ2 , respectively. In the representation Γ1 ,
the moments are aligned antiferromagnetically along the crystallographic c direction whereas, in the representation Γ2 , the moments are aligned ferromagnetically
along the c direction. In both cases Γ1 and Γ2 , the amplitudes of the site moments
in the unit cell, labelled by the centring translation, t1 = (2/3, 1/3, 1/3) and t2
= (1/3, 2/3, 2/3), are modulated by a factor of cos(2π/3) = cos(4π/3) = −0.5.
The observed neutron powder diﬀraction pattern at 20 K cannot be ﬁtted with the
magnetic structure corresponding to the representation Γ1 . However, the magnetic
structure corresponding to the representation Γ2 , commonly referred to as amplitude
modulated structure, is suitable to describe the observed neutron powder diﬀraction
pattern. The Rietveld reﬁned neutron diﬀraction pattern for the representation Γ2
is shown in the Fig. 4.2(b). The magnetic moments for Co1 and Co2 ions located
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Co2 (6a site)

Co1 (6b site)
Figure 4.3: Magnetic structure corresponding to the representation Γ1 , where the
moments are aligned antiferromagnetically along the crystallographic c direction.
Sites 6a and 6b are in blue and red, respectively. Both 6a and 6b are occupied by
Co3+ ions. The Co3+ ions at the 6b site are in low spin state (S = 0).
at the 6b (0, 0, 0) and 6a (0, 0, 1/4) sites, respectively, are given by:

mL,(j=6a,6b) =

∑ 1
Sk exp(−2πik.RL )
2 j

(−k,+k)

=

1 k
[Sj exp(−2πik.RL ) + S−k
j exp(−2πik.RL )]
2

= Skj cos(2πk.RL ) .

(4.7)

In the literature [58] it has been well established that the Co3+ ions at the 6b
site are in low spin state (S = 0). In the present study, Rietveld reﬁnement of
the neutron diﬀraction patterns also yielded a magnetic moment value of ∼ 0.01(1)
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(a)
-Mj/2
+Mj

-Mj/2
Co2 (6a site)

Co1 (6b site)

(b)
-Mj
+Mj

Co2 (6a site)

Co1 (6b site)
Figure 4.4: Magnetic structures corresponding to the representation (a) Γ2 and (b)
PDA model. Sites 6a and 6b are in blue and red, respectively. Both 6a and 6b are
occupied by Co3+ ions. The Co3+ ions at the 6b site are in low spin state (S = 0).
(a) In the representation Γ2 , the moments are aligned ferromagnetically along the
c direction and are coupled antiferromagnetically in the ab plane. (b) The PDA
model, similar to Γ2 but with 1/3 of the sites with zero averaged magnetic moment.
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µB /Co3+ ion at the 6b site. The maximum value of the ordered moment at the 6a
site and its variation with temperature will be discussed later (in Sec. 4.3.4).
Here we would like to mention that the magnetic structure corresponding to the
representation Γ2 is diﬀerent from the PDA structure reported in the literature for
the compound Ca3 Co2 O6 , because in the PDA structure 1/3 chains are disordered.
Therefore, in search of a possible PDA structure, we have tried to ﬁt the observed
neutron diﬀraction patterns using the space group P 1̄ and a propagation vector k
= {0, 0, 0} referred to the nuclear cell. The Rietveld reﬁned neutron diﬀraction
pattern using the PDA structure is shown in Fig. 4.2(c) and the corresponding
magnetic structure (PDA structure) is shown in Fig. 4.4(b).
Why are the two magnetic structures, the amplitude modulated structure and
the PDA structure, able to ﬁt the same neutron diﬀraction pattern will be discussed
later (in Sec. 4.3.2). In addition, a time variation of the magnetic structure observed
at lower temperatures (below ∼ 15 K) will also be discussed in detail (Sec. 4.3.4).

4.3.2

Commensurate Magnetic Structure of Ca3 Co2−x Fex O6

Figures 4.5 and 4.6 show, respectively, the Rietveld reﬁned neutron powder diﬀraction patterns for the compounds Ca3 Co2−x Fex O6 with x = 0.2 and 0.4. The lattice
parameters and reﬁned atomic positions at 100 K for all atoms are listed in Table
4.3. The reﬁned values of the structural parameters are in good agreement with
those previously reported from independent x-ray and neutron diﬀraction studies
[52, 77]. The Rietveld reﬁnement of the neutron diﬀraction patterns conﬁrmed that
iron was located at the trigonal prism site (6a) which had already been conﬁrmed
by the Mössbauer spectroscopy study (Chapter 3). As shown in Figs. 4.5 - 4.7, the
additional Bragg peaks start growing below 20 and 17 K for x = 0.2 and x = 0.4,
respectively.

These additional peaks, indexed with a propagation vector k =
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Figure 4.5: Observed (open circles) and calculated (solid lines) neutron diﬀraction
patterns of Ca3 Co1.8 Fe0.2 O6 using amplitude modulated structure {k = 0, 0, 1}.
Solid lines at the bottom of each panel shows the diﬀerence between the observed
and the calculated patterns. The (hkl ) values corresponding to stronger Bragg
peaks are also listed. Vertical marks correspond to the position of all allowed Bragg
reﬂections for the crystal (top row) and magnetic (bottom row) reﬂections. Neutron
diﬀraction patterns at 100 and 25 K show only nuclear Bragg reﬂections.
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Figure 4.6: Observed (open circles) and calculated (solid lines) neutron diﬀraction
patterns of Ca3 Co1.6 Fe0.4 O6 using amplitude modulated structure {k = 0, 0, 1}.
Solid lines at the bottom of each panel shows the diﬀerence between the observed
and the calculated patterns. The (hkl ) values corresponding to stronger Bragg
peaks are also listed. Vertical marks correspond to the position of all allowed Bragg
reﬂections for the crystal (top row) and magnetic (bottom row) reﬂections. Neutron
diﬀraction patterns at 100 and 25 K show only nuclear Bragg reﬂections.
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Table 4.3: Results of the Rietveld reﬁnement of neutron powder diﬀraction patterns
at 100 K for Ca3 Co2−x Fex O6 (x = 0.2 and 0.4) samples. Atomic positions for the
space group R3̄c : Ca at 18e (x, 0, 1/4), Co1 at 6b (0, 0, 0), Fe/Co2 at 6a (0, 0,
1/4), and O at 36f (x, y, z ).
Lattice constants (Å)
x
0.2

0.4

a

c

Atom

x

y

z

9.0774(1)

10.3821(3)

Ca

0.3717(3)

0

1/4

O

0.1768(3)

0.0226(3)

0.1147(2)

Ca

0.3715(3)

0

1/4

O

0.1772(2)

0.0236(2)

0.1142(2)

9.0756(1)

10.3835(2)

{0, 0, 1} referred to the space group R3̄c, can be ascribed to an antiferromagnetic
ordering of the Co3+ and Fe3+ spins in these compounds. The magnetic structure
has been analyzed using the standard irreducible representational theory (discussed
in Sec. 4.3.1) as described by Bertaut [75, 76]. For the propagation vector k = {0,
0, 1}, the irreducible representations of the propagation vector group G k are given
in Table 4.1. The magnetic reducible representations for the sites 6b and 6a are
given by Eqs. (4.1) and (4.2), respectively. The basis vectors of special positions
6a and 6b for the representations Γ1 and Γ2 , are given in Table 4.2. Only the magnetic structure, corresponding to representation Γ2 , shown in Fig. 4.8(a), is suitable
to describe the observed neutron powder diﬀraction patterns. The Rietveld reﬁned
neutron diﬀraction patterns for representation Γ2 are shown in Figs. 4.5 and 4.6 for
the x = 0.2 and x = 0.4 compounds, respectively. The magnetic moments for Co1
and Co2/Fe ions located at the 6b (0, 0, 0) and 6a (0, 0, 1/4) sites, respectively,
are given by Eq. (4.7). The values of m6a and m6b for the x = 0.2 compound
are 3.8(4) µB and 0.04(2) µB , respectively. While for the x = 0.4 compound, the
values of m6a and m6b are 3.9(4) µB per site (6a) and 0.02(1) µB per site (6b),
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Figure 4.7: Temperature dependence of the integrated intensity of the antiferFigure 4, Jain et al.
romagnetic reﬂections (100) and (210), and nuclear Bragg peak (110) for (a)
Ca3 Co1.8 Fe0.2 O6 (b) Ca3 Co1.6 Fe0.4 O6 .
respectively. The amplitudes of the site moments in the unit cell, labelled by the
centring translation, t1 = (2/3, 1/3, 1/3) and t2 = (1/3, 2/3, 2/3), are modulated by
a factor of cos(2π/3) = cos(4π/3) = −0.5 (as discussed in Section 4.3.1). This kind
of magnetic structure may arise due to the presence of the competing interactions
in the presence of the large axial anisotropy. In the present compounds, ferromagnetic intrachain and antiferromagnetic interchain interactions combined with the
triangular lattice arrangement of the Ising spin chains give rise to the competing
interactions. As mentioned in Section 4.1, a stronger crystalline electric ﬁeld at the
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(a)

Co2/Fe (6a) site

Co1 (6b) site

(b)

Figure 4.8: Magnetic structures
corresponding
to the representation (a) Γ2 and (b)
Figure
5
PDA model. Sites 6a and 6b are in blue and red, respectively. At 6a site there are
two atoms Co and Fe with occupation
Jain et al.factor (1-x ) and x, respectively. At 6b there
is only one atom Co with an occupation factor of 1. Magnetic moments are scaled
in order to show the small magnetic moment at 6a sites. (a) In the representation
Γ2 , the moments are aligned ferromagnetically along the c direction and are coupled
antiferromagnetically in the ab plane. (b) The PDA model, similar to Γ2 but with
1/3 of the sites with zero averaged magnetic moment. Long arrow: 6a site, short
arrow: 6b site.
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OCT site (6b site) can lead to the low spin state (S = 0 ) of the Co3+ ions in this
compound [52] and, therefore, gives an explanation of the nearly zero value of the
observed moment at the 6b site. For the 6a site, the observed value of the magnetic
moments is less than the theoretically calculated value using the expression m6a =
[(1-x ) mCo + x mF e ]. Here mCo and mF e are the spin only values of the ordered
moment for Co3+ and Fe3+ . The theoretically expected ordered moment values with
quenched orbital moment for m6a (6a site) are 4.2 µB per site and 4.4 µB per site
for x = 0.2 and 0.4, respectively. The R factors for the reﬁnement are: R N uclear =
1.35 and R M agnetic = 9.24 for the x = 0.2, and R N uclear = 2.96 and R M agnetic = 14.7
for the x = 0.4 sample.
In a ﬁrst inspection of the magnetic structure described above, it can be easily
veriﬁed that the magnetic moments are not vanishing at any site and so no PDA
model can be simulated using the propagation vector k = {0, 0, 1} and the space
group R3̄c. Therefore, in search of a possible PDA structure, we have tried to explain our experimental data using another model in which all the observed Bragg
peaks have been indexed using the space group P 1̄ and a {0, 0, 0} propagation
vector referred to the nuclear cell. The advantage of this model, in which we reduce
the symmetry constraints, is that, for each site (6a or 6b), the six initial positions,
earlier [for k = {0, 0, 1}] related by the translations t1 = (2/3, 1/3, 1/3) and t2
= (1/3, 2/3, 2/3), and the operator (-y, -x, z +1/2) are decoupled in three pairs of
sites only related now by (-y, -x, z +1/2). Then the low-temperature neutron powder diﬀraction patterns for all these iron-substituted compounds have been reﬁned
considering the PDA model. A schematic of the PDA magnetic structure has been
shown in Fig. 4.8(b). In the PDA structure, 2/3 ferromagnetic Ising spin chains
order with antiferromagnetic interchain interaction while the remaining 1/3 are left
incoherent (disordered with zero net moment). Here it may be noted that the simi-
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Figure 4.9: Observed (open circles) and calculated (solid lines) neutron diﬀraction
patterns at 1.5 K using the PDA structure for the compounds (a) Ca3 Co1.8 Fe0.2 O6
and (b) Ca3 Co1.6 Fe0.4 O6 . Solid line at the bottom of each panel shows the diﬀerence
between the observed and the calculated patterns. The (hkl ) values corresponding
to stronger Bragg peaks are also listed. Vertical marks correspond to the position
of all allowed Bragg reﬂections for the crystal (top row) and magnetic (bottom row)
reﬂections.
lar PDA structure has been observed for the parent compound Ca3 Co2 O6 (Section
4.3.1).
The Rietveld reﬁned neutron diﬀraction patterns at 1.5 K using the PDA structure for the x = 0.2 and the x = 0.4 samples are shown in the Figs. 4.9(a) and 4.9(b),
respectively. The results of the magnetic Rietveld reﬁnement are given in Table 4.4.
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The moments for both sites 6a and 6b lie along the c axis. Both 6a and 6b sites
for this compound are fully occupied. The reﬁned values of the site averaged order
moment for the 6a site (four out of six) at 1.5 K are 3.8(2) and 3.7(6) µB per site
for x = 0.2 and 0.4, respectively. The reﬁned values of the ordered moment for the
6b site are very small for both compounds (Table 4.4). The R factors are: R N uclear
= 1.73 and R M agnetic = 9.98 for Ca3 Co1.8 Fe0.2 O6 , and R N uclear = 3.06 and R M agnetic
= 15.2 for Ca3 Co1.6 Fe0.4 O6 . In this model also, the observed ordered moments for
6a site at 1.5 K are less than the calculated spin only values.
Hence, we realize that two diﬀerent magnetic structures, one in the R3̄c and
the other in P 1̄, are able to ﬁt our experimental intensities. In fact they are not
so diﬀerent because their Fourier coeﬃcients are only diﬀering in a global phase
factor of ψ k j = π/6, which cannot be ﬁxed by symmetry and it is the same for
the two diﬀerent sites. That is, S js k=(001) = S js k=(000) exp(-iπ/6) where “js” is 6a
or 6b. Another important common point in the two structures is that the total
magnetization, independent of the model, is zero in the unit cell, which excludes a
possible ferrimagnetic conﬁguration. In Fig. 4.10, the eﬀect of this global phase
shift is represented.
As described in literature [62, 63], both PDA and ferrimagnetic structures have
been observed for the parent compound Ca3 Co2 O6 . The PDA state for the parent compound Ca3 Co2 O6 has also been conﬁrmed by muon spin relaxation study
[50, 61–64, 77, 78]. The important point here is that if the iron-substituted compounds adopt the ferrimagnetic structure then some of the fundamental Bragg peaks,
especially the fundamental (110) Bragg peak, should have a magnetic contribution
below the magnetic ordering temperature. A simple calculation shows that magnetic
contribution in the intensity of (110) Bragg peak is zero in the PDA state, while
in the ferrimagnetic state the magnetic contribution is ﬁnite. Figure 4.7 shows the
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Table 4.4: Fourier coeﬃcients (vector and phase), and results of the magnetic Rietveld reﬁnement of neutron powder diﬀraction patterns at 1.5 K for Ca3 Co2−x Fex O6
using (a) amplitude modulated {k = 0, 0, 1} (model 1) , and (b) PDA structure
(model 2). At 6a site there are two atoms Co and Fe with occupation factor (1-x )
and x, respectively. At 6b there is only one atom Co with an occupation factor of 1.
The moments are aligned in the c direction for both√sites; as a result mx and my are
zero for both sites. (Constant is c = 1 and c = 2/ 3 for the amplitude modulated
{k = 0, 0, 1} and the PDA structure, respectively).
Sjs k = mz (0 0 c)exp(-i2πφjs k )
φk js /2π
φk js = ϕk js + ψ k j

mz /µB
x = 0.2

x = 0.4

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
6a

(0, 0, 1/4)

0

1/12

3.8(2)

3.8(2)

3.9(4)

3.7(6)

1/3

1/4

-1.9

0.0

-1.95

0.0

2/3

7/12

0

1/12

1/3

1/4

2/3

7/12

(0, 0, 3/4 )
(2/3, 1/3, 7/12)
(2/3 ,1/3, 1/12)
(1/3, 2/3, 11/12)

-3.8(2)

-3.7(6)

(1/3, 2/3, 5/12)
6b

(0, 0, 0)

0.04(2) 0.04(2) 0.02(1) 0.02(1)

(0, 0, 1/2 )
(2/3, 1/3, 1/3)

-0.02

0.0

-0.01

0.0

(2/3, 1/3, 5/6)
(1/3, 2/3, 2/3)

-0.04(2)

-0.02(1)

(1/3, 2/3, 1/6)
R mag

9.24

9.98

14.7

15.2

temperature dependence of the integrated intensity of peak (110) for the x = 0.2
and 0.4 samples. It is evident from the ﬁgures that there is no change in the integrated intensity of the (110) peak down to 1.5 K for both compounds. This clearly
rules out the possibility of the ferrimagnetic or ferromagnetic state. The observed
reduction in the value of the ordered moment for the 6a site in both the models
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Figure 4.10: Magnetic moment modulation as function of the z coordinate (or equivalently, as can be observed in Table 4.4, the ψ k js /2 phase angle) for 6a (red; thick
line) and 6b (blue; thin line) sites. From the ﬁgure it is easily observed that an π/6
global phase shift, the same for all the sites, allows to pass from model with k = {0,
0, 0} on the top, to model with k = {0, 0, 1} at the bottom. For that reason the two
models give the same magnetic pattern in powder neutron diﬀraction experiments.
Lines are guides to the eyes to better show the modulation of each site. Also it is
observed that the averaged magnetic moment
along
√
√ a unit
√ cell is zero
√ following, for
each site (6a and 6b), the sequence ... 3/2, 0, - 3/2, 3/2, 0, - 3/2... for the
model k = {0, 0, 0} and ...,1, -1/2, -1/2, 1, -1/2, -1/2,... for the model with k = {0,
0, 1}.
may be due to spin-orbit coupling and covalence eﬀects [79–83] . The small moment
on the 6b site may come from the spin state transition of some of the Co3+ ions at
octahedral site (6b site) from low spin (S = 0) to high spin (S = 2)/ intermediate
spin (S = 1) state.
Now we discuss an important point which goes beyond the models used here.
Figure 4.7 shows the temperature dependence of the integrated intensity of the
prominent antiferromagnetic Bragg peak (100) for the present iron-substituted compounds. The (100) peak appears below 20 and 17 K for x = 0.2 and x = 0.4 samples. Here it may be noted from literature [52, 62, 63] that for the parent compound
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Ca3 Co2 O6 , the intensity of the (100) peak ﬁrst increases with decreasing temperature; however, below 18 K the intensity of the (100) peak decreases with decreasing
temperature. This has been ascribed to a transition from the PDA to the ferrimagnetic structure for Ca3 Co2 O6 . In the present study, the observed intensity variation
(Fig. 4.7) combined with no change in the intensity of the (110) fundamental peak,
indicates that there is no phase transition to a ferrimagnetic or ferromagnetic state
(in the zero applied magnetic ﬁeld) for the iron-substituted compounds.
In summary, the Rietveld reﬁnement of the neutron diﬀraction patterns suggests
that the PDA structure as well as the amplitude modulated structure [k = {0, 0,
1}], is suitable for the magnetic structure of the compounds Ca3 Co2−x Fex O6 (x =
0, 0.2, and 0.4). However, a more detailed analysis (given below) shows that these
compounds order (below their respective T N ) into an incommensurate spin density
wave state.

4.3.3

Incommensurate Magnetic Structure of Ca3 Co2−x Fex O6

Now we turn our attention to Figs. 4.11 and 4.12, which depict temperature dependence of the neutron diﬀraction patterns for x = 0.2 and 0.4 compounds, respectively. In the ﬁrst approximation, the observed neutron powder diﬀraction patterns
at 1.5 K have been ﬁtted with two diﬀerent magnetic structures: (i) PDA structure
and (ii) amplitude-modulated structure with a propagation vector k = {0, 0, 1} as
discussed in Section 4.3.2.

However, a careful inspection of the observed and cal-

culated neutron diﬀraction patterns shows that the antiferromagnetic (AFM) Bragg
peaks observed at Q ∼ 0.79, 1.60, and 1.84 Å−1 are not well ﬁtted by either of
the above-mentioned two magnetic structures, as shown in Figs. 4.13(a), 4.13(b),
4.14(a), and 4.14(b). A detailed analysis of the neutron powder diﬀraction patterns at 1.5 K reveals that the magnetic structure is not a commensurate, but it
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Figure 4.11: Temperature evolution of the neutron powder diﬀraction patterns of
the compound Ca3 Co1.8 Fe0.2 O6 . The additional peaks appear below 20 K, due to
the onset of an antiferromagnetic ordering.
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Figure 4.12: Temperature evolution of the neutron powder diﬀraction patterns of
the compound Ca3 Co1.6 Fe0.4 O6 . The additional peaks appear below 17 K, due to
the onset of an antiferromagnetic ordering.
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corresponds to an incommensurate structure with propagation vector k = {0, 0,
1.0182(9)}, as shown in Figs. 4.13(c) and 4.14(c).
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Figure 4.13: The Rietveld reﬁned neutron
powder
Jain
et al.diﬀraction patterns (only AFM
−1
peaks at Q ∼ 0.79, 1.60, and 1.84 Å are shown) for Ca3 Co1.8 Fe0.2 O6 at 1.5 K using
(a) the partially disordered antiferromagnet (PDA) structure and (b) the amplitude
modulated structure with k = {0, 0, 1}. (c) The Rietveld reﬁned patterns for
Ca3 Co1.8 Fe0.2 O6 at 1.5 K are shown for two diﬀerent values of the propagation vector
k = {0, 0, 1} (solid line) and {0, 0, 1.0182(9)} (dashed line). On each plot, the
open circles and solid line represent the experimental data points and the calculated
diﬀraction pattern, respectively.
Symmetry analysis (using the representation theory mentioned in Section 4.3.1)
shows that the magnetic representation for 6a and 6b can be written as

(1)

(1)

(2)

Γ(6a) = 1Γ1 + 1Γ2 + 2Γ3

(4.8)
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Figure 4.14: The Rietveld reﬁned neutron powder diﬀraction patterns (only AFM
etforal.Ca3 Co1.6 Fe0.4 O6 at 1.5 K using
peaks at Q ∼ 0.79, 1.60, and 1.84 Å−1 are Jain
shown)
(a) the partially disordered antiferromagnet (PDA) structure and (b) the amplitude
modulated structure with k = {0, 0, 1}. (c) The Rietveld reﬁned patterns for
Ca3 Co1.6 Fe0.4 O6 at 1.5 K are shown for two diﬀerent values of the propagation vector
k = {0, 0, 1} (solid line) and {0, 0, 1.0182(9)} (dashed line). On each plot, the
open circles and solid line represent the experimental data points and the calculated
diﬀraction pattern, respectively.
and
(1)

(1)

(2)

Γ(6b) = 1Γ1 + 1Γ2 + 2Γ3 .

(4.9)

Here, the representations Γ1 and Γ2 are one dimensional, while representation Γ3
is two dimensional. Only the magnetic structure corresponding to the representation Γ2 is suitable to describe the observed neutron powder diﬀraction patterns.
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The magnetic moments at 6a (0, 0, 1/4 ) and 6b (0, 0, 0) sites are given by
mL,(j=6a,6b) = Skj cos(2πk.RL ) . The magnetic structure corresponds to a longitudinal amplitude-modulated structure (incommensurate), with a modulation and
alignment of the moments along the crystallographic c axis as shown in Fig. 4.15.
The observed and calculated neutron diﬀraction patterns (convoluted with the instrumental resolution function), corresponding to the representation Γ2 with single
magnetic correlation length, are shown in Figs. 4.16(a) and 4.17(a) for x = 0.2 and
0.4 samples, respectively. It is clear from Figs. 4.16(a) and 4.17(a) that the magnetic Bragg peak centered at Q ∼ 0.79 Å−1 is broader [full width at half maximum
(FWHM) = 0.489(2)◦ and 0.493(3)◦ for x = 0.4 and 0.2 compounds, respectively]
than that expected (FWHM = 0.414◦ at Q ∼ 0.79 Å−1 ) from the instrumental resolution. In general, a broadening of Bragg reﬂections arises due to microstructure
and/or magnetic domain size eﬀects. In case of broadening due to microstructural
eﬀect, both nuclear and magnetic Bragg peaks are broadened, whereas domain size
eﬀect leads to a broadening of the magnetic Bragg peaks only. In the present
study, we have observed that Bragg peaks of magnetic origin only are broadened.
Therefore, for the present Fe-substituted compounds, magnetic domain size eﬀect is
responsible for the observed peak broadening.
To account for the magnetic domain size eﬀect, domains with needle-like shape
(parameter IsizeModel= -1 in reﬁnement) are considered. However, the observed
neutron diﬀraction patterns (especially the lower Q region of the magnetic Bragg
peaks) cannot be ﬁtted well by considering the needle shape domains, as shown in
Figs. 4.16 (b) and 4.17 (b) for x = 0.2 and 0.4 samples, respectively. In order to
improve the ﬁtting further, domains with platelet-like shape are considered. The
size model No. 1 has been used to determine the magnetic structure (parameter
IsizeModel=1)[40] . This model corresponds to a magnetic structure, for the representation Γ2 , in which a long-range magnetic ordering (LRO) exists in the ab plane
along with a ﬁnite spin-spin correlation length along the c direction (ξ c ). For this

Magnitude of moment along c (arb. units)
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Figure 4.15: Schematic of the proposed longitudinal
amplitude modulated magnetic
Jain et al.
structure [incommensurate, k = {0, 0, 1.0182(9)}] for 55 unit cells, with a modulation and alignment of the moments along the crystallographic c axis, corresponding
to the model used to calculate the diﬀraction patterns shown in Figs. 4.13(c) and
4.14(c) for x = 0.2 and 0.4 samples, respectively. The magnitude and direction of
spins in the three adjacent spin chains with the (x, y) coordinate as (0, 0), (2/3,
1/3), and (1/3, 2/3) are shown. It can be viewed that the PDA structure (up down - zero spin conﬁguration in the neighboring spin chains) appears only at some
speciﬁc lattice points.
purpose, the Thompson-Cox-Hastings pseudo-Voigt function was used for the peak
shape in the reﬁnement [40]. This peak-shape function is a linear combination of
Gaussian and Lorentzian peak-shape functions. The FWHM of Gaussian (HG ) and
Lorentzian (HL ) components of the peak proﬁle are given, respectively, by

2
) tan2 θ + V tan θ + W +
HG2 = (U + DST

IG
cos2 θ

(4.10)

and
HL = X tan2 θ +

Y + F (SZ )
,
cos2 θ

(4.11)

where U, V, and W are the half width parameters characterizing the instrumental
resolution function (IRF), D ST is an anisotropic Gaussian contribution to micros-
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Figure 4.16: The Rietveld reﬁned neutron powder diﬀraction patterns for the compound Ca3 Co1.8 Fe0.2 O6 corresponding to the representation Γ2 of the incommensurate propagation vector k = {0, 0, 1.0182(9)} with (a) single correlation length at
1.5 K, convoluted with the instrumental resolution function (IRF), the inset (with
neutron counts on a log10 scale) zooms in on the AFM peak at Q ∼ 0.79 Å−1 , (b)
single correlation length at 1.5 K (with IsizeModel = -1 in the magnetic phase), the
inset (with neutron counts on a log10 scale) zooms in on the observed and calculated patterns, and (c) two correlation lengths at 1.5 K (with IsizeModel = 1 in the
magnetic phase), the inset zooms in on the observed (open circles) and calculated
patterns with both two correlation lengths (black solid line) and single correlation
length (blue dashed line) using the IsizeModel = 1 over the selected Q range. The
Rietveld reﬁned patterns for Ca3 Co1.8 Fe0.2 O6 with two magnetic correlation lengths
at (d) 10 K and (e) 15 K with IsizeModel = 1 as in (c). On each plot, the open
circles and the solid/dashed line represent the experimental data points and the calculated diﬀraction patterns, respectively, and the diﬀerence is shown at the bottom
as a solid line in (c), (d) and (e). The vertical marks correspond to the position of
all allowed Bragg reﬂections for the crystal (top row) and magnetic (bottom row)
reﬂections.
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Figure 4.17: The Rietveld reﬁned neutron powder diﬀraction patterns for the compound Ca3 Co1.6 Fe0.4 O6 corresponding to the representation Γ2 of the incommensurate propagation vector k = {0, 0, 1.0182(9)} with (a) single correlation length at
1.5 K, convoluted with the instrumental resolution function (IRF), the inset (with
neutron counts on a log10 scale) zooms in on the AFM peak at Q ∼ 0.79 Å−1 , (b)
single correlation length at 1.5 K (with IsizeModel = -1 in the magnetic phase), the
inset (with neutron counts on a log10 scale) zooms in on the observed and calculated patterns, and (c) two correlation lengths at 1.5 K (with IsizeModel = 1 in the
magnetic phase), the inset zooms in on the observed (open circles) and calculated
patterns with both two correlation lengths (black solid line) and single correlation
length (blue dashed line) using the IsizeModel = 1 over the selected Q range. The
Rietveld reﬁned patterns for Ca3 Co1.6 Fe0.4 O6 with two magnetic correlation lengths
at (d) 10 K and (e) 15 K with IsizeModel = 1 as in (c). On each plot, the open
circles and the solid/dashed line represent the experimental data points and the calculated diﬀraction patterns, respectively, and the diﬀerence is shown at the bottom
as a solid line in (c),(d), and (e). The vertical marks correspond to the position of
all allowed Bragg reﬂections for the crystal (top row) and magnetic (bottom row)
reﬂections.
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train, I G is a Gaussian isotropic size parameter, X is a Lorentzian isotropic strain
parameter, Y is a Lorentzian isotropic size parameter, and F (Sz ) is an anisotropic
Lorentzian contribution arising from particle size. The functions DST and F (Sz )
have diﬀerent expressions depending on the particular model used for the strain
and size contributions to the broadening. The Rietveld reﬁned neutron diﬀraction
patterns using this model are shown in the insets of Figs. 4.16(c) and 4.17(c) for
the x = 0.2 and x = 0.4 compounds, respectively. Here, single magnetic correlation
length along the c axis is considered. However, agreement between calculated and
observed patterns is still not satisfactory.
In order to improve the reﬁnement further, instead of the single magnetic correlation length along the c direction, we consider two diﬀerent magnetic correlation
lengths (ξ I c and ξ II c ) along the c direction. As shown in Figs. 4.16(c) and 4.17(c),
Rietveld reﬁnement using such a model, with two diﬀerent magnetic correlation
lengths, satisfactorily described the observed neutron diﬀraction patterns at 1.5 K.
For the x = 0.2 compound, the values of ξ I c and ξ II c at 1.5 K are ∼ 1027 and 60
Å, respectively, whereas for the x = 0.4 sample, the values of ξ I c and ξ II c at 1.5
K are 1021 and 47 Å, respectively. The correlation lengths ξ I c and ξ II c , therefore,
correspond to long-range (LRO) and short-range magnetic ordering (SRO), respectively. Here we would like to mention that the magnetic ordering in the ab plane is
always long-range for both LRO and SRO below their respective magnetic ordering
temperatures (∼ 20 and 17 K for x = 0.2 and 0.4, respectively). The ratios of
relative contributions of LRO (with correlation length ξ I c ) and SRO (with correlation length ξ II c ) to the magnetic Bragg peaks at 1.5 K are 13:7 and 3:2 for the
x = 0.2 and 0.4 samples, respectively. For both compounds, the observed neutron
powder diﬀraction patterns at all other temperatures (below their magnetic ordering temperatures), have been ﬁtted with the same magnetic structure model [Figs.
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4.16(d), 4.16(e), 4.17(d), and 4.17(e)]. The relative contribution of the LRO and
SRO in the magnetic Bragg peaks also remains constant over the entire temperature range. Figures 4.18(a) and (b) show the ﬁtted proﬁles at various temperatures
for the strongest magnetic Bragg peak at Q = 0.79 Å−1 . The derived temperature
dependence of the magnetic correlation lengths ξ I c (LRO) and ξ II c (SRO) for both
compounds is depicted in Figs. 4.18(c) and 4.18(d). It is evident that for both
compounds, the correlation length ξ I c (LRO) decreases with increasing temperature, whereas the correlation length ξ II c (SRO) remains approximately constant for
both compounds.
The values of the maximum ordered magnetic moments m6a and m6b (at 1.5
K) for the x = 0.2 compound are 4.82(3)µB per (6a) site and 0.04(2)µB per (6b)
site, respectively. For the x = 0.4 compound, these values are 5.11(2)µB per (6a)
site and 0.02(1)µB per (6b) site. It is interesting to note that the values of the
ordered magnetic moment m6a (4.82 µB and 5.11 µB for x = 0.2 and 0.4 compounds,
respectively) are equal for LRO and SRO. The nearly zero value of the ordered
magnetic moment for Co3+ ions at the 6b site (OCT site) may be ascribed to a
stronger crystalline electric ﬁeld [77]. For the 6a site, the observed values of the
magnetic moments are higher than the theoretically calculated values using the
expression m6a =[(1-x ) mCo + x mF e ]. Here mCo and mF e are the spin-only values
of the ordered moment for Co3+ and Fe3+ , respectively. The theoretically expected
ordered moment values with fully quenched orbital moment for m6a are 4.2 µB per
site and 4.4 µB per site for x = 0.2 and 0.4, respectively. A high value of the eﬀective
paramagnetic moment has been observed in our dc magnetization study, 5.72 µB
and 5.97 µB for x = 0.2 and 0.4 compounds, respectively (mentioned in Chapter
5) [77]. The observed high value of magnetic moment at the 6a site in these Fesubstituted compounds may be ascribed to the presence of an orbital moment for
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Figure 4.18: Observed (open circles) and calculated (solid lines) patterns with parameter IsizeModel = 1 and two magnetic correlation lengths ξ I c and ξ II c at diﬀerent
temperatures for the strongest magnetic Bragg peak for (a) x = 0.2 (left top) and
(b) 0.4 (right top) compounds. The variation of correlation lengths for LRO (ξ I c ,
open circle) and SRO (ξ II c , solid circle) for (c) x = 0.2 (Left bottom) and (d) x =
0.4 (right bottom) compounds. Solid lines in (c) and (d) are guides to the eye.
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Co3+ ions. From magnetic dichroism measurements [69], an orbital moment of 1.7
µB was reported for Co3+ ions at the 6a (TP) site for the compound Ca3 Co2 O6 .
Now we discuss about the observed incommensurate amplitude modulated structure and the coexistence of two correlation lengths ξ I c and ξ II c for the studied compounds Ca3 Co2−x Fex O6 (x = 0.2 and 0.4). In the structure of these compounds,
each spin chain is surrounded by six chains, forming a triangular lattice in the ab
plane [as shown in Fig. 4.1(a)]. The magnetic ions in the neighboring spin chains
(in a triangular lattice) are shifted by 1/6 or 1/3 along the crystallographic c axis.
In a triangular lattice, the spin conﬁgurations in the neighboring spin chains are
up - down - down/zero. This kind of spin arrangement gives rise to a competition
between ferromagnetic intrachain and antiferromagnetic interchain exchange interactions. These competing interactions give rise to a noncollinear spin arrangement
if single ion anisotropy is weak. However, if the single-ion anisotropy is strong, these
competing interactions may give rise to an incommensurate amplitude-modulated
structure as observed for the present Fe-substituted compounds (Fig. 4.15). In the
studied iron-substituted compounds, Fe3+ (3d 5 ) ions carry zero orbital moment, so
it cannot have a local Ising anisotropy in the presence of a cubic crystalline ﬁeld
(Co3+ ions have local Ising anisotropy). Diﬀerent spin characters of host (Ising,
Co3+ ) and impurity (Heisenberg, Fe3+ ) spins have been observed in the Mössbauer
[50, 64] and ESR [70] studies where Fe3+ ions remain in the paramagnetic state
in the ferromagnetically ordered chains. The observed two correlation lengths in
the present study also suggest that the iron spin (Heisenberg) breaks the ferromagnetic chains and its (Fe3+ ) spin remains either in the paramagnetic state or freezes
randomly (due to the competing exchange interactions) at low temperatures. No
change in the ratio of intensity of the long-range and the short-range ordering also
suggests that the magnetic ordering in the ferromagnetic chains is stable down to
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1.5 K. We have also observed that the correlation lengths for both SRO and LRO
do not diﬀer much with varying concentrations of Fe. It is, therefore, evident that
a higher concentration (for x = 0.4) of Fe hardly breaks the ferromagnetic bonds
further as compared to that for the lower concentration of Fe (for x = 0.2). More
than one spin-spin correlation length has been observed in the neutron diﬀraction
studies of the other frustrated magnets Tb2 Sn2 O7 [84] and LiMn2 O4 [85].
For the parent compound Ca3 Co2 O6 , Agrestini et al. [86] have shown that the
magnetic propagation vector k = {0, 0, k z ∼1.01} is incommensurate with the
crystal structure. They described the physical origin of modulation in the magnetic
structure in terms of the competition between ferromagnetic intrachain (due to direct
Co-Co overlap) and antiferromagnetic interchain exchange interactions. Agrestini
et al. have ﬁtted only the (100) magnetic Bragg peak using two Gaussian functions
with signiﬁcantly diﬀerent widths, the narrower of which corresponds closely to
the instrumental resolution. The broad Gaussian peak corresponds to the SRO.
However, in the present study, we have carried out a detailed analysis of the neutron
diﬀraction patterns and established the coexistence of LRO and SRO. Moreover, in
our analysis, we have taken a wide Q range (magnetic Bragg peaks observed at
Q ∼ 0.79, 1.6029, 1.8365, 2.1204, and 2.6881 Å−1 ), unlike in Ref. [86] where only
the (100) magnetic Bragg peak was considered, to estimate the correlation lengths
for SRO and LRO. For the compound Ca3 Co2 O6 , the estimated correlation length
in the ab plane for the short-range order at 5 K is 180 Å [86]. However, for the
present Fe-substituted compounds, a long-range magnetic ordering always exists
in the ab plane. We have deﬁned LRO and SRO based upon the extent of the
correlation length along the c axis. For the compound Ca3 Co2 O6 [73], below 18 K,
a reduction in the intensity of the strongest magnetic reﬂection (100) was observed
in the powder as well as single crystal neutron diﬀraction studies. At 21 K, the ratio
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of intensity contribution of the short-range and the long-range magnetic ordering to
the magnetic Bragg peaks is 0.2; this ratio increases to 0.7 at low temperatures. This
indicates the instability of the long-range magnetic order at lower temperatures. For
the present Fe-substituted compounds, we have also observed a long-range as well
as short-range magnetic ordering down to 1.5 K. However, we have not observed
any reduction in the intensity of the strongest magnetic reﬂection (100) at Q ∼
0.79 Å−1 . The ratio of intensity of the long-range and the short-range ordering
also remains constant down to 1.5 K. It is, therefore, evident that unlike for the
compound Ca3 Co2 O6 , for the present Fe-substituted compounds Ca3 Co2−x Fex O6 ,
the short-range magnetic correlation does not grow at the expense of the long-range
magnetic correlation.
Niitaka et al.[66], based on the analysis of the neutron diﬀraction patterns, reported that compound Ca3 CoRhO6 ordered magnetically below 100 K in a PDA
state, in which 1/3 ferromagnetic spin chains (in a triangle) are spin up (+M ),
1/3 ferromagnetic spin chains are spin down (-M ), and the remaining 1/3 are incoherent (disordered). Below 30 K, the 1/3 incoherent spin chains freeze and give
rise to a frozen PDA state. On the contrary, the magnetic structure of the present
Fe-substituted compounds is incommensurate with an amplitude modulation of the
moments along the c axis, where the magnetic conﬁguration of the neighboring spin
chains (arranged in a triangle) is (+M, -M, 0) at speciﬁc lattice points only (Fig.
4.15). This is diﬀerent from the PDA state, where (+M, -M, 0) structure is present
for all lattice points. On the contrary, to the reported frozen-PDA state (below 30
K) for the compound Ca3 CoRhO6 , no phase transition has been observed at low
temperature for the present Fe-sustituted compounds. Loewenhaupt et al. [65] also
proposed the PDA state for the magnetic structure of the compound Ca3 CoRhO6
below 100 K. In addition, they observed a diﬀuse magnetic peak, superimposed
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over the strongest magnetic Bragg peak (100) below as well as above the ordering
temperature of 100 K. The estimated correlation lengths for the diﬀuse magnetic
ordering above and below 100 K are 16 and 23 Å, respectively, indicating that with
the establishment of the long-range magnetic ordering, the correlation length for
diﬀuse magnetic scattering increases. The intensity of the diﬀuse magnetic peak increases with lowering of the temperature, reaching a maximum around 100 - 150 K,
and then decreases at lower temperatures. The position of the diﬀuse magnetic peak
shifts to a larger scattering angle with decreasing temperature. For the present Fesubstituted compounds, a diﬀuse magnetic peak, superimposed over the strongest
(sharper) magnetic Bragg peak, has been observed only below the long-range ordering temperature. Here the relative contribution of LRO and diﬀuse magnetic
scattering (SRO) in the magnetic phase remains constant (below transition temperature) down to 1.5 K with no change in the position of the diﬀuse magnetic peak.
Besides, the correlation length, corresponding to the diﬀuse magnetic scattering for
the present Fe-substituted compounds, also remains approximately constant below
the long-range magnetic ordering temperature. It is, therefore, evident that the
substitution of the Ising Co spins by the Heisenberg Fe spins stabilizes the incommensurate amplitude-modulated magnetic phase over the entire temperature range.
The low-temperature neutron diﬀraction study for the compound Sr3 HoCrO6
was carried out by Hardy et al. [87]. The extra peaks in the neutron diﬀraction
patterns have been observed below 15 K. Hardy et al. have proposed the PDA state
for the magnetic structure of this compound. The magnetic short-range ordering
coexists with the long-range ordering below the long-range ordering temperature
(15 K). A decrease in the correlation length with decreasing temperature from 9 to
1.5 K has been observed for long-range ordering. Moreover, a high background in
the small-angle part of the neutron diﬀraction patterns has been observed at tem-
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peratures above as well as below the long-range ordering temperature (10 K), the
reason of which is not reported. In sharp contrast, the LRO correlation length for
the present Fe-substituted compounds increases with decreasing temperature. The
coexistence of the long-range and the short-range magnetic order for the compound
Sr3 HoCrO6 is similar to the present Fe-substituted compounds. However, as mentioned earlier, the observed PDA structure for the compound Sr3 HoCrO6 is very
much diﬀerent from the observed amplitude-modulated incommensurate structure
for the present Fe-substituted compounds. It is, therefore, clear that the magnetic
correlations for the present Fe-substituted compounds are very much diﬀerent from
the compound Sr3 HoCrO6 , except for a coexistence of the long-range and the shortrange order. The magnetic structures of the present Fe-substituted compounds are
signiﬁcantly diﬀerent than those for the compounds Ca3 Co2 O6 and Ca3 CoRhO6 as
well, despite the fact that all these spin-chain compounds crystallize in the rhombohedral structure with space group R3̄c. A comparison of the magnetic structures
of the compounds of the A3 MX O6 family is given in Table 4.5.

4.3.4

Incommensurate Magnetic Structure of Ca3 Co2 O6 and its Time
Dependence

Figure 4.19 shows the Rietveld reﬁned neutron diﬀraction patterns for the compound Ca3 Co2 O6 at 20 K (below T N ∼ 25 K). In the ﬁrst approximation, the
observed neutron powder diﬀraction patterns at 20 K can be ﬁtted with two diﬀerent magnetic structures: (i) PDA structure and (ii) amplitude-modulated structure
with a propagation vector k = {0, 0, 1} as described in Section 4.3.1. However, a
careful inspection of the observed and calculated neutron diﬀraction patterns shows
that the propagation vector is incommensurate k1 = [{0, 0, δ} with δ = 1.009 (3)]
in the hexagonal setting of the space group R3̄c and the magnetic structure [Fig.
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Table 4.5: Magnetic structures of the compounds of A3 MX O6 family (determined
from neutron diﬀraction studies).
Compounds
Properties

Ca3 Co2 O6

Ca3 CoRhO6

Sr3 HoCrO6

Ca3 Co2−x Fex O6

T N (K)

25

100 (T N 1 )
30 (T N 2 )

15

20 (x = 0.2)
17 ( x = 0.4)

Magnetic
structure

Modulated
PDA structure with
k = {0, 0,
1.01}

PDA (30 K
≤ T ≤ 100 K)
Frozen-PDA
(T ≤ 30K)

PDA

Modulated
structure with
k = {0, 0,
1.0182(9)}

Temperature
dependence
of
intensity
of the magnetic reﬂection
(100)

Below 18K,
intensity
decreases
with
decreasing
temperature

Increases with
decreasing
temperature
(below T N 1 )
and then constant below 30
K

Below 9 K,
intensity
decreases
with
decreasing
temperature

Below T N , increases with decreasing temperature

Coexistence
Below 21 K
of short-range
and long-range
ordering

Above as well Below T N
as below T N 1

Below T N

Ratio
of 0.2 at 21 K
intensity con- 0.7 at 5 K
tribution from
short-range
and long-range

Not reported

Not
ported

re-

0.54 (x = 0.2)
and 0.67(x =
0.4).
Remains
constant below
TN .

Correlation
lengths

180 Å for
SRO (at 5
K)

16 Å(T ≥100
K) for SRO
6.415 Å at 3 K
(SRO)

400 Å for
LRO (at 9
K) 40 Å for
SRO (at 9
K)

1027Å
(LRO)
and 60 Å (SRO)
along c axis at
1.5 K (x = 0.2).
For both cases,
LRO in the ab
plane. 1021 Å
(LRO ) and 47
Å (SRO) along
c axis at 1.5 K
(x = 0.4). For
both cases, LRO
in the ab plane.
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Figure 4.19: (a) The Rietveld reﬁned neutron powder diﬀraction patterns of
Ca3 Co2 O6 at 20 K : experimental data (open circle), calculated curve (solid line),
and diﬀerence (solid line at the bottom). The upper vertical marks are the nuclear
Bragg reﬂections and the lower vertical marks are the reﬂections arising from the
propagation vector k1 = 0, 0, 1.009(3).(b) Rietveld reﬁned pattern at 20 K are shown
for two diﬀerent values of the propagation vector k = (0, 0, k z ) with k z = 1 (solid
line) and k z = 1.009 (3) (dashed line).
the 6a site) are aligned along the crystallographic c axis, as described previously by
Agrestini et al. [86]. Figure 4.21(a) depicts the temperature dependence of the full
width at half maximum (FWHM) for the strongest AFM Bragg peak (1, 0, 1 - δ) [at
Q ∼ 0.8 Å−1 ]. Interestingly, the widths of the observed magnetic Bragg peaks, at all
temperatures below T N , are greater than that expected from the instrument resolution, indicating the presence of SRO. The FWHM expected from the instrumental
resolution function (DMC, PSI, Switzerland) over the Q-range of 0.7 - 0.8 Å−1 is ∼
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Figure 4.20: The schematic of the SDW structure with a modulation and alignment
of the moments along the crystallographic c axis for 100 unit cells (the magnitude
and direction of the spins in the three adjacent spin chains are given).
0.39◦ . We also note that the FWHM at 1.5 K is less than the FWHM at 5 K. To
account for the observed broadening of the magnetic Bragg peaks (SRO), the magnetic domains of platelet-like shape are assumed, and the Thompson-Cox-Hastings
pseudo-Voigt proﬁle function is used in the reﬁnement as described in Sec. 4.3.3 for
the Fe-substituted compounds Ca3 Co2−x Fex O6 . We have considered the magnetic
Bragg peaks as a sum of two pseudo-Voigt peaks, having diﬀerent widths (FWHMs).
The width (FWHM) of the narrow peak is equal to the FWHM of the instrumental
resolution function (Fig. 4.21 (b)). An analysis of the width of the broader peak,
which corresponds to magnetic short-range ordering (SRO), reveals that the magnetic correlation length for the platelet shape domains is ∼ 72 Å at 20 K. The ratio
of relative contributions of the LRO and SRO (ILRO /ISRO ) to the magnetic Bragg
peaks is 7/3; and the maximum value of the ordered moment at the 6a site (M 6a ),
same for the LRO and SRO, is 4.82(3) µB at 20 K. However, at 15 K, the values
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of correlation length (ξ), intensity ratio (ILRO /ISRO ), and the maximum moment
(M 6a ) are 130 Å, 3/7, and 5.14 (2) µB , respectively. The observed presence of the
SRO at all temperatures below T N is surprisingly diﬀerent from the results reported

FWHM (deg)

in the literature, where SRO was observed only below 21 K [86].
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Figure 4.21: (a) Temperature variation of the FWHMs of the [1, 0, 1 - δ] (open
circle) and [0 + τ , 0 + τ , 0] (solid circle) AFM reﬂections. The FWHM expected
from the instrumental resolution function of the DMC instrument is ∼ 0.39◦ over a
Q- range of 0.7 - 0.8 Å−1 . (b) AFM Bragg peak (1, 0, 1 - δ) ﬁtted (solid line) as
a sum of two pseudo-Voigt peaks, having diﬀerent widths (FWHMs). The narrow
peak (dashed line) having FWHM of the instrumental resolution function is also
shown. The solid lines are guides to the eye.
Interestingly, in addition to the SDW transition with the propagation vector k1 ,

Chapter 4.

Magnetic Ground State of Spin-chain Compounds Ca3 Co2−x Fex O6

20000 (a)

139

T = 15 K

20000

log10(Counts)

Neutron Counts / 5 hours

0
(b)

T = 10 K

0.6

0.8

1.0

1.2

0
T=5K

20000 (c)
0

20000 (d)

T = 1.5 K

0
0.5

1.0

1.5

2.0

2.5

3.0

-1

Q (Å )
Figure 4.22: The Rietveld reﬁned neutron powder diﬀraction patterns of Ca3 Co2 O6
at (a) 15 K, (b) 10 K, (c) 5 K, and (d) 1.5 K: experimental data (open circle),
calculated curve (solid line), and diﬀerence (solid line at the bottom). The upper
vertical marks are the nuclear Bragg reﬂections, middle vertical marks are the reﬂections arising from the propagation vector k1 = 0, 0, 1.009(3), and the lower vertical
marks show the reﬂections from the propagation vector k2 = (0.5, 0.5, 0). Inset in
(b) shows the strongest magnetic reﬂections arising from the propagation vectors k2
[at Q ∼ 0.69 and 1.20 Å−1 ] and k1 [at Q ∼ 0.8 Å−1 ].
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a second set of magnetic peaks appear in the neutron diﬀraction patterns for T
≤ 15 K [Figs. 4.22(a) - (d)]. The strongest magnetic reﬂections arising from the
propagation vectors k2 [at Q ∼ 0.69 and 1.20 Å−1 ] and k1 [at Q ∼ 0.8 Å−1 ] are
shown in the inset of Fig. 4.22(b). Agrestini et al.[88] also observed the second set
of magnetic peaks below 12 K, but only if the sample was held at 10 K for some
time while cooling. The second set of magnetic reﬂections can be indexed using the
propagation vector k2 = [{τ , τ , 0} with τ = 0.5] in the hexagonal setting of the
space group R3̄c. The magnetic structure deﬁned by the propagation vector k2 is
called commensurate antiferromagnetic (CAFM) structure.
In order to clarify the relation between the two magnetic structures appearing
below 15 K, we have measured the integrated intensity of the two strongest magnetic
Bragg peaks (1, 0, 1 - δ) [at Q ∼ 0.8 Å−1 ] and (0 + τ , 0 + τ , 0) [at Q ∼ 0.69
Å−1 ] , which stands for the k1 (SDW) and k2 (CAFM) type magnetic structures,
respectively, at a series of temperatures below 35 K, as shown in Fig. 4.23. The
intensity of the Bragg peak (1, 0, 1 - δ) increases with decreasing the temperature,
reaches a maximum value at ∼ 15 K, and thereafter decreases monotonically with a
further decrease in temperature. The intensity of the magnetic Bragg peak (0 + τ , 0
+ τ , 0), which appears at ∼ 15 K, increases with decreasing temperature, reaches a
maximum at ∼ 10 K, and then starts decreasing with decreasing temperature down
to lowest measurement temperature of 1.5 K . From the temperature dependence
of FWHM of the AFM Bragg peak (1, 0, 1 - δ), shown in Fig 4.21(a), we note
that magnetic Bragg peak (0 + τ , 0 + τ , 0) gets signiﬁcantly broadened below 8 K,
indicating the presence of SRO (down to 1.5 K).
Symmetry analysis using the group of propagation vector (little group) shows
that the magnetic representation for the site 6a (for the propagation vector k2 ) can

Intensity (arb. units)
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Figure 4.23: Temperature dependence of the integrated intensity of [1, 0, 1 - δ]
(open circle) and [0 + τ , 0 + τ , 0] (solid circle) AFM Bragg peaks. The solid lines
are guides to the eye.
be written as
(1)

(1)

(1)

(1)

Γ(6a) = 1Γ1 + 1Γ2 + 2Γ3 + 2Γ4 .

(4.12)

Here all the representations are one dimensional. The observed strongest magnetic
peaks at Q ∼ 0.69 and 1.20 Å−1 can be ﬁtted with the representation Γ3 , containing
two basis vectors ψ 1 = (1 -1 0) and ψ 2 = (0 0 1). For the basis vector ψ 1 , the
moment has component in the ab plane, however, for the basis vector ψ 2 , moment
has component along the c axis. Agrestini et al. [88] have considered only the
basis vector ψ 2 [moment along c axis] for the reﬁnement of the neutron diﬀraction
patterns. A simple calculation shows that the magnetic Bragg peak ( 1̄ + τ , 0 +
τ , 2) at Q ∼ 1.27 Å−1 has ﬁnite intensity if one considers only the basis vector ψ 2
in the reﬁnement. However, the calculated intensity is weaker than the standard
deviation of the background if one consider both ψ 1 and ψ 2 in the reﬁnement as
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shown in Fig. 4.24(a). In the observed neutron diﬀraction patterns, shown in Figs.
4.24 (b) and (c), no observable change in the intensity at Q ∼ 1.27 Å−1 , below 15 K,
suggests that both basis vectors should contribute in the magnetic structure. The
schematic of the magnetic structure having both propagation vectors, called CAFM
structure, is shown in Fig. 4.25. Here, the size of the magnetic unit cell, along
both a and b axes, is double than the size of the nuclear unit cell. In the magnetic
structure, amplitude of the moments at the TP site is constant and the moment has
component in the ab plane as well as along the c axis.
We now turn our attention on the nature of the SDW and CAFM phases. An unusual aspect of the neutron diﬀraction patterns is a time dependence of the strongest
magnetic Bragg peaks of the SDW and CAFM structures. Figures 4.26(a), (b), and
(c) show the neutron diﬀraction patterns for the strongest magnetic reﬂections collected in 30 minutes at 10, 7, and 1.5 K. For the measurement at 1.5, 7, and 10
K, the sample was cooled from 100 K at a cooling rate of 2 K/min, and then data
collection was started. We have binned the data for every 30 minutes. In Fig. 4.26,
we show data for three representative binning modules corresponding to an eﬀective
time gap of 15, 165, and 295 minutes, after the measurements were started at the
respective temperatures. It is evident from Figs. 4.26 (a), (b), and (c) that the
magnetic Bragg peaks exhibit a time dependence, which is most prominent at 10 K.
However, at every temperature, the system reaches in the equilibrium after ∼ 165
minutes. The time dependence of these magnetic Bragg peaks was also observed by
Agrestini et al. [88] in the temperature range of 8 - 12 K (above 12 K, magnetic
Bragg peaks corresponding to the CAFM structure was not present). They observed
that if the sample was cooled rapidly from 18 to 2 K, then data contained only the
features corresponding to the SDW and SRO (belonging to the SDW structure)
phases. On the other hand, if the sample was held at 10 K for some time while
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Figure 4.24: (a) The calculated neutron diﬀraction patterns for the CAFM structure
by considering two cases: (i) only the basis vector ψ 2 (solid line) and (ii) both basis
vectors ψ 1 and ψ 2 (dashed line). A selection of the observed magnetic neutron
diﬀraction patterns at (b) 15 K and (c) 10 K. In Figs. (b) and (c) nuclear and
magnetic background at 20 K has been subtracted out.
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c

Figure 4.25: The schematic of the CAFM structure, having moment component
along the c axis as well as in the ab plane.
cooling, then the magnetic Bragg peaks corresponding to the CAFM structure were
observed. However, in the present study, we have observed the magnetic Bragg peaks
corresponding to the same CAFM structure, even though the sample is cooled from
100 K to 1.5 K, 5 K and 7 K with no waiting time at 10 K. We note here that a
cooling rate of 2 K/min was used by us. The magnetic Bragg peaks corresponding
to the SDW structure are always present below T N , as reported in literature [88].
No thermal hysteresis in the neutron diﬀraction patterns has been observed in the
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Figure 4.26: Neutron diﬀraction patterns collected in 30 minutes after an eﬀective
time gap of 15 (solid circle), 165 (open circle), and 295(star) minutes, after the
measurement was started at (a) 10 K, (b) 7 K, and (c) 1.5 K. The magnetic Bragg
peaks at Q ∼ 0.69 and 0.8 Å−1 correspond to the CAFM and SDW type magnetic
structures, respectively. The solid lines are guides to the eye.
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present study.
Now we discuss that both SDW and CAFM magnetic structures can be interpreted by a single magnetic phase. We consider that the two propagation vectors
k1 and k2 correspond to a single magnetic phase, in which the magnetic ordering
can be described by a commensurate propagation vector which is being modulated
by an incommensurate component. For the magnetic structures belonging to both
propagation vectors, we have used the same scale factors (equal to the scale factor of
the nuclear phase) in the reﬁnement. If we consider that the magnetic transition at
15 K is of second order, no thermal hysteresis is expected in the neutron diﬀraction
patterns (as observed in the present study). The ﬁnding from the present study
is in mark contrast with the reported results in literature [88], where two diﬀerent
magnetic phases were considered in two diﬀerent regions of the sample.
The reﬁnements at 1.5, 5, and 7 K after the diﬀerent time gaps are shown in
Figs. 4.26 (a), (b), and (c), respectively. The Rietveld reﬁned neutron diﬀraction
patterns in the temperature range 1.5 - 15 K, with no waiting time at the respective
temperatures, are shown in Figs. 4.22 (a) - (d). For both magnetic structures, the
ratio of the intensities contribution of the LRO and SRO is 3:7 at T = 5 and 7 K,
which decreases to 1: 9 at 1.5 K (indicating an increase in the volume fraction of the
SRO). The amplitudes of the ordered moments are diﬀerent for the CAFM and SDW
structures. However, for both LRO and SRO, the amplitudes are same. Here it may
be noted that for 15 < T < 25 K, only the magnetic reﬂections corresponding to the
propagation vector k1 are present. However, for T < 15 K, the magnetic reﬂections
corresponding to both SDW and CAFM structures are present.
Now we will derive the value of the maximum ordered magnetic moment at 1.5
K. For the magnetic structure belonging to the propagation vector k1 (the SDW
structure), the Co3+ ions (at the 6a site) have moment components of M x = 0, M y
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= 0, and M z = 2.82(4) µB , with a total moment of 2.82(4) µB . For the magnetic
structure with propagation vector k2 (the CAFM structure), the Co3+ ions have
moment components of M x = - 0.32(3), M y = 0.32(3), and M z = 2.81(2) µB , with
a net moment of 2.85(3) µB . The total maximum moment, calculated as a vector
sum of the magnetic structures belonging to the propagation vectors k1 and k2 ,
reaches to a value of 5.65(6) µB , with components of M x = - 0.32 (3), M y = 0.32
(3), and M z = 5.63 (6) µB .
Finally, we discuss the results of the neutron diﬀraction studies reported in
literature (in zero ﬁeld) and bring out the importance of the present study. In
the present study, the proposed ground state magnetic structure (below 15 K), is
a coherent superposition of the magnetic structures belonging to the propagation
vectors k1 (SDW) and k2 (CAFM), in which the ordered moment has components in
the ab plane as well as along the c axis. We have also observed the magnetic Bragg
peaks corresponding to the CAFM structure even when the sample is cooled rapidly
(cooling rate: 2 K/ min) from 100 K to 1.5, 5, 7, and 10 K. The proposed magnetic
structure is very much diﬀerent from the reported ferrimagnetic as well as the PDA
structure [52, 62, 63]. The proposed magnetic structure is also very much diﬀerent
from the square-wave magnetic structure (in which the moments with a constant
amplitude of 5.3 ± 0.2 µB are aligned along the c axis) reported in the literature [89],
however, the reﬁned value of the maximum moment at the 6a site for the proposed
magnetic structure in the present study, 5.65(6) µB at 1.5 K, is very much close to
value reported in the literature for the square-wave structure. The reported results
in the present study are very much diﬀerent from the results available in literature,
where the magnetic Bragg peaks corresponding to the CAFM were observed, only if
the sample was kept at 10 K for some time while cooling from 18 K. In the literature,
it was reported that sample contained three magnetic phases (i.e. diﬀerent kind of
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magnetic ordering is present in the diﬀerent regions of the sample), a SDW phase,
a CAFM phase, and a phase exhibiting SRO. Moreover, it was assumed that the
moment at the TP site was saturated to 5.1 ± 0.1 µB below 20 K. The temperature
variation of the moment was not considered to evaluate the phase fraction of the
CAFM, SDW, and SRO phases. In the CAFM phase (belonging to the propagation
vector k2 ), the magnetic moments were reported to be aligned along the c axis.
The CAFM phase was reported to be the true ground state of the compound. We,
therefore, conclude that the magnetic structure reported in the present study is
very much diﬀerent from the results of the neutron diﬀraction studies reported in
the literature. A comparison of the magnetic structures is given in Table 4.6.

4.3.5

Mössbauer Study of Spin Relaxation of Fe3+ in Ca3 Co2−x Fex O6

Figure 4.27 depicts the Mössbauer spectra for the x = 0.2 and 0.4 samples. The
spectra (Fig. 4.27) were analyzed in terms of the spin relaxation theory [74], and it
yields perfect ﬁts in terms of χ2 values, and conﬁrms the earlier conclusions [77] that
the iron occupies only the TP site (Co2), with a negative quadrupole interaction, EQ
= 1/4e 2 qQ (= -0.62 mm/s at 90 K). The analysis also yields (assuming a ﬂuctuating
magnetic hyperﬁne ﬁeld of 45 T) the room temperature spin relaxation rates, which
are 1.5 × 1011 and 7.7 × 1010 s−1 for x = 0.4 and x = 0.2, respectively, indicating
the dominance of Fe-Fe spin-spin relaxation. The ratio of the relaxation rates (∼2)
equals the ratio of iron concentration, expected for spin-spin relaxation. Also the
fact that the x = 0.4 sample at 90 K exhibits a spectrum with a relaxation rate of
5.5 × 1010 s−1 , not very much smaller than that at 300 K, indicates the dominance
of the spin-spin relaxation process. The relaxation rate certainly does not follow a
high temperature power law expected for spin-lattice relaxation.
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Table 4.6: Magnetic structures of the compound Ca3 Co2 O6 determined from the
neutron powder diﬀraction (NPD) and single crystal neutron diﬀraction (SXND)
studies.
Magnetic
structure

NPD

Ferrimagnetic
(TN ∼ 24 K)

NPD

Ferrimagnetic
(T ≤ 25 K)

Properties
Maximum
Coexistence
Time
vari- Ref.
moment
at of the SRO ation
of
the 6a site
and LRO
the
AFM
reﬂections
(3.00 ± 0.05) Not reported Not reported [52]
µB at 10 K,
and moment ∥
c axis
Not reported
Not reported Not reported [63]

SXND Not a simple
PDA

Not reported

SXND SDW
and
NPD
SXND Square-wave
(T ≤ 13 K)

Not reported

Not reported

[62]

(5.0 ± 0.1) µB Below 21 K
at 20 K, and
spin ∥ c axis

Not reported

[86]

(5.3 ± 0.2) µB
at ∼ 10 K, and
spin ∥c axis

(1, 0, ± δ) [89]
move to (1, 0,
0) with time
(T ≤ 13 K)
Inter[88]
conversion
of the SDW
and CAFM
phases (8 ≤
T ≤ 12 K)

Not reported

NPD

SDW (12 ≤
T ≤ 25 K)
Coexistence of
SDW, CAFM,
and SRO (8 ≤
T ≤ 12 K)
CAFM(T = 2
K)

(5.1 ± 0.1)µB Below 21 K
For T < 20
K, and spin ∥
c axis for all
phases

NPD

SDW (15 ≤
T ≤ 25 K)
Coherent superposition
of the CAFM
and
SDW
structures (15
≤ T)

5.65(6) µB at At all the
1.5 K, and temperature
spins
have below T N
component
along the c
axis as well
as in the ab
plane

AFM peaks Present
of the SDW Study
and CAFM
structure
show
time
dependence
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Figure 4.27: The Mössbauer spectra of Ca3 Co2−x Fex O6 for the x = 0.2 and 0.4
samples.
4.3.6

Magnetic Properties of Ca3 CoFeO6

Figures 4.28 and 4.29 depict the Mössbauer spectra for the compound Ca3 CoFeO6
at diﬀerent temperatures in the range of 4.2- 520 K. The compound Ca3 CoFeO6
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Figure 4.28: The Mössbauer spectra of Ca3 CoFeO6 at 4.2 K.
exhibits spectra displaying magnetic order up to 500 K. Just by counting the number
of absorption lines in the spectra (Fig. 4.28) it is obvious that they are composed
of two Fe subspectra of diﬀerent crystallographic sites. The one with the larger
hyperﬁne ﬁeld, larger isomer shift, and positive qaudrupole interaction is denoted
arbitrarily as site 1. Table 4.7 depicts the parameters that are obtained from the
analysis of the spectra in terms of full diagonalization of the Hamiltonian of magnetic
and quadrupole interactions, where the magnetic ﬁeld is at an angle θ relative to
the axis of the EFG for two diﬀerent crystallographic Fe sites. The solid lines in
the ﬁgures show the least square ﬁt simulated spectra. Figure 4.30 depicts the
temperature dependence of the relative spectral areas under the two subspectra,
giving approximately the relative occupation of Fe in the two sites. One observes
that they are almost of equal intensity; the slight diﬀerence may be the result of a
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Figure 4.29: The Mössbauer spectra of Ca3 CoFeO6 at various temperatures.
slightly diﬀerent recoil free fraction for the two sites. Thus it is clear that for this
concentration of iron (x = 1.0), the iron occupies two diﬀerent crystallographic sites
with almost equal probability. In Fig. 4.31, we show the temperature dependence
of the isomer shift for the two sites. Except for the fact that the isomer shift is
diﬀerent for the two sites, there is nothing unusual in these behaviors, displaying
the normal high temperature linear shift.
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Table 4.7: The parameters derived from the analysis of the Ca3 CoFeO6 Mössbauer
spectra. The error bars of these parameters are shown in the corresponding ﬁgures.
The isomer shifts (IS1 and IS2) are relative to that of iron at room temperature.
EQ1 and IN1 stand for the quadrupole interaction and the relative intensity of site
“1”.

Temp. IN1

IS1

EQ1

HF1

θ1

IS2

EQ2

HF2

θ2

(mm/s)

(T)

(deg)

(mm/s)

(mm/s)

(T)

(deg)

(K)

(%) (mm/s)

4.2

54

0.42

0.68

53.3

25

0.28

-0.64

45.7

23

90

56

0.42

0.60

51.5

18

0.26

-0.64

43.7

20

150

54

0.43

0.60

49.9

29

0.26

-0.68

42.8

35

185

50

0.41

0.60

48.9

48

0.26

-0.61

42.2

51

200

51

0.40

0.59

48.0

61

0.24

-0.70

41.2

64

225

52

0.39

0.60

47.1

79

0.21

-0.73

40.5

80

250

51

0.37

0.62

46.0

82

0.2

-0.7

39.2

81

300

54

0.35

0.56

43.2

80

0.16

-0.67

36.3

85

350

53

0.32

0.54

40.3

90

0.15

-0.65

33.5

90

380

54

0.28

0.56

36.8

90

0.11

-0.62

29.7

90

450

53

0.24

0.56

28.6

90

0.07

-0.57

21.9

90

500

52

0.23

0.62

0

0.08

-0.65

0

520

46

0.22

0.64

0

0.05

-0.65

0

In Fig. 4.32, the temperature dependencies of the quadrupole interactions are
shown. Here we observe a surprising result, the Fe quadrupole interaction in the two
sites is almost equal in strength, yet of opposite sign. The quadrupole interactions
change very little with temperature, as expected for an ionic Fe3+ (S5/2 state), where
the electric ﬁeld gradient is due to lattice charges.
Figure 4.33 displays the temperature dependence of the two hyperﬁne ﬁelds.
We observe that the hyperﬁne ﬁeld for two diﬀerent sites varies smoothly with temperature, the value of hyperﬁne ﬁeld changing from 52 and 43 T, respectively, at
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Figure 4.30: The relative intensity of one of the subspectra of Fe (“1”).
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Figure 4.31: The temperature dependence of the isomer shifts of the two Fe sites,
(“1” open circles).
low temperature to zero above 500 K. The solid lines in Fig. 4.33 represent the
parameterless (except for the normalization of the ﬁelds to 52 and 43 T at low temperatures) pure spin 5/2 Brillouin functions, indicating almost identical temperature
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Figure 4.32: The temperature dependence of the two quadrupole interactions in the
two Fe sites (“1” open circles).
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Figure 4.33: The temperature dependence of the two hyperﬁne ﬁelds. The solid
lines are pure spin 5/2 Brillouin functions.
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Figure 4.34: The temperature dependence of the angles θ1 and θ2 .
dependencies of the magnetic moments in the two sites. The spectrum at 520 K,
shown in Fig. 4.29, was analyzed in terms of two pure quadrupole doublets. A very
interesting result is displayed in Fig. 4.34, in which the temperature dependence of
the angles θ1 and θ2 at which the hyperﬁne ﬁelds point relative to the local EFG
axis are displayed. One observes that θ1 and θ2 are equal to each other and change
drastically with temperature. While at low temperatures, below 150 K, the moments in both sites are aligned at an angle of 20±3◦ relative to the EFG axis, above
230 K they are perpendicular to the EFG axis. Here it may be noted that in the
x-ray diﬀraction study (Chapter 3), it has been observed that c axis is at an angle
of 18.5◦ relative to the perpendicular to the ab plane. The results of Mössbauer and
x-ray diﬀraction studies, therefore, indicate that the axis of the EFG in both sites
is perpendicular to the unit cell basal plane (ab plane) and at low temperatures
the moments are probably along the unit cell c axis. At the high temperatures the
magnetization lies in the basal plane. The solid line in Fig. 4.34 is a least square
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ﬁt of the step function formula: θ = θ0 + (90.0 - θ0 ) / [1.0 + exp{(T sr -T )/W}],
yielding θ0 = 20 ± 3◦ , T sr = 193 ± 5 K, and W = 23 ± 2 K. The relative alignment
of the magnetic moments for the two sites is depicted schematically in Fig. 4.35.

Figure 4.35: A schematic diagram of the relative alignment of two site moments
with respect to the EFG and the crystallographic c axis.

The temperature dependent dc magnetization curves in the temperature range
5 - 320 K are shown in Fig. 4.36. It is clear that the magnetic ordering temperature is above the highest recorded temperature.

The zero ﬁeld cooled and

ﬁeld cooled magnetization curves do not merge even at 320 K, in agreement with
the Mössbauer studies. Around 200 K, one observes a sharp drop in magnetization, which can be associated with the spin reorientation found in the Mössbauer
studies. The magnetic ﬁeld dependence of magnetization at 1.5 K presented in
Fig. 4.37 indicates that at high magnetic ﬁelds, the magnetization varies linearly
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Figure 4.36: The temperature dependence of the ﬁeld cooled and zero ﬁeld cooled
magnetizations of Ca3 CoFeO6 in 1 T.
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Figure 4.37: Magnetic ﬁeld dependence of the Ca3 FeCoO6 magnetization at 1.5 K.
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with magnetic ﬁeld, as expected for an antiferromagnet; however, a small ferromagnetic component, displaying hysteresis, is also present. It seems that the magnetic
coupling between intrasite irons is ferromagnetic while the intersite sublattices are
coupled antiferromagnetically. The small ferromagnetic component observed in Fig.
4.37 may be due to an unequal iron concentration in the two sites (shared with
cobalt). A diﬀerence of ∼ 0.2% in the concentration is enough to explain the observed ferromagnetic component. Alternatively a very small canting (only ∼ 0.2◦ )
of the moments in the antiferromagnetic structure may also produce the observed
ferromagnetic component.
Here it may be noted that the magnetic properties of Ca3 CoFeO6 are very
much diﬀerent from that of the isostructural compound Ca3 CuMnO6 [43]. For the
Ca3 CuMnO6 , two transitions for long-range magnetic ordering (not a common feature in a quasi-one-dimensional system), one at 5.5 K and other below 3.6 K, have
been reported in the literature [43]. The transition at 5.5 K has been ascribed due
to the antiferromagnetic ordering. Recently, the magnetic and electronic properties of Ca3 FeRhO6 [90], with the chemical formula similar to the present compound
Ca3 FeCoO6 but with a crystal structure like that of Ca3 Co2 O6 , have been studied.
It was found that the ordering temperature of Ca3 FeRhO6 is only T N = 20 K. The
iron occupies the trigonal prism site, similar to the iron substituted Ca3 Co2 O6 and
an equal strength of quadrupole interaction for both Ca3 FeRhO6 and Ca3 FeCoO6
has been found in the Fe Mössbauer study. These similarities and diﬀerences between the two compounds Ca3 FeRhO6 and Ca3 FeCoO6 prove that the local oxygen
environment of Fe in the two compounds is very similar; however, due to the diﬀerent
crystal structure, the Fe-Fe exchange interactions are very diﬀerent, T N observed
to be approximately 20 and 500 K for Ca3 FeRhO6 and Ca3 FeCoO6 , respectively.
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Conclusions

In the present Chapter, the author has investigated the magnetic structure of the
compounds Ca3 Co2−x Fex O6 by neutron powder diﬀraction (for x = 0, 0.2, and 0.4 )
and Mössbauer spectroscopy (for x = 0.2, 0.4, and 1.0) studies. Additional magnetic
diﬀraction peaks in the neutron powder diﬀraction patterns below their respective
Néel temperatures (T N = 25, 20 and 17 K, for x = 0, 0.2, and 0.4 compounds,
respectively) indicate the presence of the antiferromagnetic structure.
In the ﬁrst approximation, two diﬀerent commensurate magnetic structures, (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 for the x = 0, 0.2, and 0.4 compounds, below T N . The common
point is that magnetization in the unit cell is zero for both magnetic structures.
However, a 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 c axis, below T N .
A detailed analysis for the Fe- substituted compounds (x = 0.2 and 0.4) shows
that the magnetic ground state is an incommensurate spin density wave, with the
propagation vector k = {0, 0,1.0182(9)}. Further, Rietveld reﬁnement of neutron
diﬀraction patterns conﬁrmed a coexistence of short-range and long-range incommensurate magnetic structures with an amplitude modulation of the moments along
the c axis, below ∼ 20 and 17 K for x = 0.2 and 0.4, respectively. A model of
platelet-like-shaped magnetic crystallites, disorderly stacked along crystallographic
c direction [Isize model=1 in FULLPROF], describes the observed magnetic shortrange as well as the long-range order satisfactorily. The maximum values of ordered
magnetic moments at the 6a site (at 1.5 K) are 4.82 µB and 5.11µB for x = 0.2
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and 0.4 compounds, respectively. The same values of the ordered magnetic moment
(4.82 µB and 5.11 µB for x = 0.2 and 0.4 compounds, respectively) are observed
for both LRO and SRO. The nearly zero value of the ordered moment has been
observed for the 6b site for both compounds. The magnetic correlation lengths
along the c axis, at 1.5 K, for the LRO (ξ I c ) and SRO (ξ II c ) are ∼ 1027 and 60 Å
for the compound x = 0.2; and 1021 and 47 Å for the compound x = 0.4, respectively. For both compounds, the magnetic correlation length for the LRO increases
with decreasing temperature, while for the SRO, it remains approximately constant
down to 1.5 K. The relative contributions of the LRO and SRO in the magnetic
Bragg peaks are in the ratio of 13:7 and 3:2 for x = 0.2 and 0.4, respectively. This
ratio remains unchanged down to 1.5 K for both compounds, indicating that the
volume fractions of the compound exhibiting the short-range order and long-range
order remain constant. The coexistence of SRO and LRO incommensurate magnetic structures can be a good model to understand the spin-spin correlations for
other compounds of the A3 MX O6 family, especially for the compounds Ca3 CoRhO6
(Refs. [65] and [66]) and Sr3 HoCrO6 (Ref. [87]). A single crystal neutron diﬀraction
study will be of great help to provide further insight on the microscopic nature of
the magnetic ordering in these compounds.
For the parent compound Ca3 Co2 O6 , a detailed analysis shows that the magnetic
ground state is a coherent superposition of the SDW and CAFM structures. For
both magnetic structures (the SDW and CAFM), a SRO coexists with the LRO.
The ratio of the intensities contribution (in both SDW and CAFM structures) of
the LRO and SRO is 3:7 over 5 - 7 K and the ratio decreases to 1: 9 at 1.5 K. In the
proposed ground state magnetic structure, the ordered moment has component in
the ab plane as well as along the c axis. The observed ordered moment components
in the ab plane questions the very strong Ising-like magnetic anisotropy of the Co3+
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spins at TP site.
In the Mössbauer study, the compounds with x = 0.2 and 0.4, show a paramagnetic behavior at 90 K and the iron exhibits slow spin relaxation phenomena
even at room temperature. The compound Ca3 CoFeO6 , where the iron resides almost equally in two diﬀerent crystallographic sites, exhibits a very high magnetic
ordering temperature, T N ∼ 500 K. At T sr ∼ 193 K, a spin reorientation of the
iron magnetic moments is observed. Below T sr , the moments in the two sites are
aligned along the crystallographic c axis, whereas above T sr they are aligned in the
basal ab plane. The magnetic order is ferromagnetic within each iron site and antiferromagnetic between the sites. A small ferromagnetic component observed in the
magnetization studies is probably due to a very small diﬀerence in the occupation of
the two iron sites. The unique magnetic properties of Ca3 CoFeO6 (x = 1) compare
to the compounds with lower x values, or Ca3 FeRhO6 , are due to its diﬀerent crystal
structure, which may have some importance for its practical applications.

Chapter 5
Eﬀect of Magnetic Field on the Ground State
Magnetic Properties of Ca3Co2−xFexO6
5.1

Introduction

In the zero ﬁeld neutron diﬀraction study of the compounds Ca3 Co2−x Fex O6 (x =
0, 0.2 and 0.4), described in Chapter 4, it is observed that these compounds ordered
magnetically in an incommensurate spin density wave (SDW) structure, having a
modulation and an alignment of the spins along the crystallographic c axis, below
their respective Néel temperatures (T N = 25, 20 and 17 K, for x = 0, 0.2, and 0.4
compounds, respectively). Further, a coexistence of the magnetic long-range and
short-range ordering has been observed down to 1.5 K (below T N ).
In the present chapter, the eﬀect of an external magnetic ﬁeld on the nature of
magnetic ordering in the compounds Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, and 0.4) is
described. First (in Sec. 5.3.1), the author discusses the results of the dc magnetization study, where, an indication of the presence of a ﬁeld-induced transition from
a ferri-to-ferromagnetic state is observed. Field induced transitions generally arise
from a competition between Zeeman energy and exchange energy or crystal-ﬁeld
anisotropy. The microscopic understanding of the ﬁeld induced transitions in these
geometrically frustrated compounds with a triangular lattice arrangement of spin
chain is of fundamental interest because an interplay between geometrical frustration
and high magnetic ﬁeld results in many novel magnetic states.
In order to achieve a microscopic understanding of the eﬀect of an external magnetic ﬁeld on the magnetic correlations at microscopic length scale in these quasi-1D
163
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spin-chain compounds, the author has carried out a detailed neutron powder diﬀraction study down to 1.5 K and up to a ﬁeld of 4 T for the compound Ca3 Co1.8 Fe0.2 O6 .
A ﬁeld-induced phase transitions from the zero ﬁeld incommensurate spin density
wave (SDW) structure (T N ∼ 20 K) to a commensurate amplitude modulated (AM)
structure, and then to a ferrimagnetic structure have been observed. Besides, the
eﬀect of an applied ﬁeld on the observed short-range spin-spin correlation has been
brought out. The results of the neutron diﬀraction study are described in Sec. 5.3.2.
The results have been published [77] in international scientiﬁc journals.
Here it may be noted that in the present chapter, the eﬀect of an external
magnetic ﬁeld on the magnetic properties of these compounds has been investigated
using the powder samples. In powder sample, the direction of the ﬁeld relative to
the easy axis changes due to the powder averaging. The analysis of the M (H ) curves
is diﬃcult because of the presence of a strong magnetic anisotropy, which can spoil
many interesting features. However, in the neutron powder diﬀraction study, by
analyzing the ﬁeld and temperature dependence of the integrated intensities of the
antiferromagnetic reﬂections, one can get a useful qualitative information regarding
the ﬁeld-induced magnetic phase transitions. The measurements on twin-free single
crystals of these compounds will be of great help to provide further insight on the
microscopic nature of the magnetic ordering in these compounds. Moreover, in
single crystals, one can apply a magnetic ﬁeld transverse to the Ising axis (c axis for
the studied compounds in the present thesis) and obtain an experimental transverse
ﬁeld magnetic phase diagram, which can be compared with the theoretical results
of the transverse ﬁeld Ising model.

5.2

Experimental Details

Polycrystalline samples of the compounds Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, and
0.4) were prepared by the conventional solid-state reaction method as described in
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Chapter 2.
The dc magnetization measurements were carried out on all the samples using
a commercial (Oxford Instruments) vibrating sample magnetometer. For the zeroﬁeld-cooled (ZFC) magnetization measurements, the samples were ﬁrst cooled from
room temperature down to 2 K in zero ﬁeld. After applying the magnetic ﬁeld of
1 kOe at 2 K, the magnetization was measured in the warming cycle with the ﬁeld
on. Whereas, for the ﬁeld-cooled (FC) magnetization measurements, the samples
were cooled down to 2 K in the same ﬁeld (1 kOe) and the FC magnetization was
measured in the warming cycle under the same ﬁeld. The hysteresis curves were
recorded at 1.5 K over +110 to -110 kOe applied ﬁeld.
The neutron diﬀraction experiments on the compound Ca3 Co1.8 Fe0.2 O6 were performed by using the cold neutron powder diﬀractometer DMC at the Paul Scherrer
Institute (PSI), Switzerland (λ = 2.46 Å). In zero magnetic ﬁeld, diﬀraction patterns were recorded in the temperature range of 1.5 - 100 K. The diﬀraction patterns
by applying an external magnetic ﬁeld up to 4 T were recorded over the temperature range of 4.2 - 50 K using the pressed-powder pellets. The diﬀraction data
were analyzed by the Rietveld method using the FULLPROF program [40] The
representation theory analysis was performed using the SARAH software [41].

5.3

Results and Discussion

5.3.1
5.3.1.1

Dc-magnetization Study
ZFC and FC Magnetization vs Temperature

The temperature dependence of the ZFC and FC dc magnetization for all samples
under H = 1 kOe is shown in Fig 5.1. Inverse magnetic susceptibility vs temperature
has been plotted in the inset of Fig 5.1. It is clear from Fig. 5.1 that the high tem-
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Figure 5.1: Dc magnetization versus temperature curves under 1 kOe ﬁeld for
Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, and 0.4). The open circles and the solid line correspond to ZFC and FC modes, respectively. Insets show inverse dc susceptibility
vs temperature curves ﬁtted with the Curie-Weiss law.
perature magnetic susceptibility obeys the Curie-Weiss law [χmol = C mol /(T − θp )],
here C mol is molar Curie constant and θp is the paramagnetic Curie temperature.
The value of θp decreases as the concentration of iron increases; reaching 17.6 and
7.5 K for x = 0.1 and 0.2, respectively against θp = 27.9 K for x = 0 and it becomes
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negative (-1.6 K) for x = 0.4 sample, which indicates that at this higher concentration of iron, antiferromagnetic (AFM) interaction dominates over ferromagnetic

Effective Moment µeff (µB/f.u.)

(FM) interaction. The eﬀective paramagnetic moment µef f [=(3C mol k B /N A µB 2 )1/2
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Figure 5.2: Theoretical and experimental µef f vs iron concentration. Solid lines are
guide to the eye.
≈ (8 C mol )1/2 , where k B stands for Boltzmann constant and N A stands for Avogadro number], obtained from the slope of χ−1 vs T curves, are depicted in Fig.
5.2. Theoretically expected (spin-only) values of the µef f using the expression

µef f

√
= [ (1 − x)g 2 STCoP (STCoP + 1) + x g 2 STF Pe (STF Pe + 1)] µB

with g = 2 are also shown in Fig. 5.2. Here µef f has been calculated (assuming
spin only contribution) by considering Co3+ at octahedra (OCT) site in the low spin
(LS) state (S = 0), Co3+ at trigonal prisms (TP) site in the high spin (HS) state (S
= 2), and Fe3+ at TP site in the HS state (S = 5/2) [50]. For the parent compound
Ca3 Co2 O6 , experimental value (4.8 µB per formula unit) matches with the theoretical value (4.89 µB per formula unit) and for iron substituted samples, experimental
µef f values are higher than the theoretically expected values. If we assume that the
orbital moment of Co3+ is not quenched in the TP site (orbital moment of Fe3+ is
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zero since it has half ﬁlled 3d shell), the calculated values of µef f are higher than
the observed values (Fig. 5.2). If we consider that orbital momentum is partially
quenched, theoretical values of the µef f (considering diﬀerent values of L) do not
match with the experiment values. Another possibility of observing higher experimental values of eﬀective paramagnetic moment as compared to the theoretically
expected spin only values for Fe substituted compounds may be LS to HS transition
of octahedral Co3+ ions that are located near Fe3+ ions [91], which could also be
responsible for the slight increase of cell constants for the present Fe substituted
compounds. An increase of cell parameters by such a spin transition has been reported in literature [91]. Such a transition is possible [91] because covalency of the
Fe-O bond is higher than the covalency of Co-O bond (i.e. electronegativity of Fe3+
is higher than that of Co3+ ; 1.9 and 1.8 respectively [92]). Under the framework of
spin transition for Co3+ at the octahedral site, the µef f can be calculated using the
expression
√
µef f = [

OCT
(1 − x)g 2 STCoP (STCoP + 1) + x g 2 STF Pe (STF Pe + 1) + x f g 2 SOCT
Co (SCo + 1)] µB

with g = 2 (Fig. 5.2). Here f is the fraction of Co3+ ions (at the octahedral site)
that undergo LS to HS transition for each Fe3+ substituted ion. The experimental
and the theoretical values match for x = 0.1 and 0.2 by taking f = 0.75 (Fig.
5.2). For x = 0.4, the experimental and the theoretical values match by taking f
= 0.34. The observed lower value of f for the x = 0.4 sample can be explained
by the fact that for a higher concentration of iron, there could be pairs/sequence
of Fe3+ ions along the chain, so the eﬀective number of Co3+ ions (with Fe3+ ions
as nearest neighbors) showing transition from LS to HS is small. For the parent
compound Ca3 Co2 O6 , there is a sudden increase in the magnetization at around
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Figure 5.3: Unit cell of Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, and 0.4), showing selected
(Co1-O-Co2 and Co2-O-Co2) bond angles. Paths of interchain and intrachain exchange interactions are also shown as J ′ and J, respectively. Only selected atoms
are shown for clarity.
25 K and also there exists a peak in the magnetization at around 10 K. These
observations are consistent with the reported results for this compound [42, 53]. In
literature, two kinds of magnetic exchange interactions have been considered for this
spin-chain compound [59]. The exchange interaction J between the magnetic Co2
ions located at TP site along the chain axis (c axis) is FM and the superexchange
interaction J ′ between the magnetic Co2 ions (via oxygen ions) is AFM (Fig. 5.3).
Sudden increase in the magnetization at around 25 K has been ascribed in literature
[42, 46, 52–61, 93–97] as due to the combined eﬀect of FM ordering along the chain
and AFM ordering between chains. This argument is supported by the simultaneous
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appearance of AFM and FM Bragg peaks in the neutron diﬀraction pattern at T ∼
25 K [62, 63] and sharp peak in the speciﬁc heat (under zero ﬁelds) [54] at the same
temperature. This type of spin conﬁguration has been described as the onset of the
partially disordered antiferromagnetic (PDA) state and it is supported by the muon
spin relaxation study [78]. While peak in the magnetization curve at around 10 K is
considered as an indicative of magnetic transition to the ferrimagnetic (FIM) state
[68].
From the temperature dependence of FC and ZFC dc-magnetization (shown in
the Fig. 5.1) it is evident that for all the samples, a bifurcation between FC and
ZFC magnetization is found at lower temperatures. This bifurcation in FC and
ZFC magnetization may be taken as the signature of geometrical frustration due
to triangular lattice of Ising Co moments in the ab plane. Results of the reported
low temperature Mössbauer study [64] show that Fe3+ remains in the paramagnetic
state in the FM ordered chains below 25 K. Figure 5.1 also indicates that as the
concentration of iron increases, magnetization decreases. This decrease in the magnetization and θp (negative for x = 0.4) indicates that as the concentration of iron
increases the long range FM ordering along the chain is reduced (due to reduced
correlation length between Co moments along the chain) and AFM interchain interaction dominates over the FM intrachain interaction. This has been ascribed to a
diﬀerent magnetic character of Co host (Ising) and Fe impurity (Heisenberg) spins
[50].
Figure 5.4 depicts the temperature dependence of molar susceptibility, where χT
vs T is plotted. It reveals four main features (i) in the high temperature range (150
- 300 K), χT approaches its paramagnetic limit, (ii) as temperature is decreased
below 150 K, χT starts increasing giving the signature of a short-range ordering
along the chains, (iii) with further decreasing the temperature, a dip in χT vs T
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Figure 5.4: Plots of χT vs T for Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, 0.4) derived from
FC magnetization curves. Solid lines represent the ﬁtted curve using Eq. ( 5.3).
For x = 0.1 and 0.2, χT values are shifted down by 5 and 10 emu K mol−1 Oe−1 ,
respectively for clarity.
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plot is found, and (iv) a sharp increase in the χT below the dip temperature and
then again a decrease of χT at lower temperatures down to 2 K. The temperature
corresponding to the dip varies with x (24.83 K for x = 0 and 3.59 K for x = 0.4).
The dip in the χT vs T plot may be ascribed to a FIM ordering at low temperatures
[98]. The decrease in the χT at low temperature (T < 7 K) has been assigned to
a spin frozen state in literature [99] for the parent compound Ca3 Co2 O6 .

5.3.1.2

Intrachain and Interchain Exchange Interactions

The intrachain exchange constant can be determined by ﬁtting the experimental
χT vs T curves [99, 100]. Theoretical studies show that the parallel [99] and the
perpendicular [101] susceptibilities for, S = 2, 1D Ising spin chain are given by

χ∥ T =

3 2
g exp(8J/kB T)
4

(5.1)

3 2
g .
4

(5.2)

and
χ⊥ T =

Here g is the Lande factor, k B stands for the Boltzmann constant, and J is the
intrachain exchange constant. For polycrystalline (powder) sample, susceptibility
can, therefore, be written as

χp T = 1/3 χ∥ T + 2/3χ⊥ T .

(5.3)

Equation ( 5.3) is strictly valid for the S = 2, Ising spin-chain. But our system
(except Ca3 Co2 O6 ) is not S = 2, 1D Ising spin-chain system (for Fe3+ ions, value of
S is 5/2). In literature, no theoretical expression is available for S = 2 and S = 5/2
mixed spin system. We have, therefore, used Eq. ( 5.3) to estimate the approximate
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value of the exchange constant J. This type of approximate method has already been
used in literature [97] for Ca3 Co2−x Crx O6 , where Co3+ ions are in the HS and the
LS states at the TP and OCT sites, respectively, and Cr3+ ions at the OCT site are
in the HS (S = 3/2) state. By ﬁtting the high temperature part of the χP T vs T
curves using Eq. ( 5.3) (Fig. 5.4) as per the procedure followed in literature [97], we
have estimated the value of intrachain exchange constant J (shown in Table 5.1).
It is found that as the concentration of iron increases, J decreases. For instance as
x increases from 0 to 0.2, J decreases from 8.1 to 4.3 K, and for x = 0.4 it becomes
negative (J = -0.7 K). Positive value of J refers that intrachain interaction is FM
while negative value of J indicates that interaction is AFM. The derived negative
value of J for the x = 0.4 sample is consistent with the negative value of θp for this
sample. Here we give some physical argument to explain the negative value of J. For
Ca3 Co2−x Fex O6 , when concentration of Fe is low (small value of x ), the probability
of having Fe pairs or clusters in a Co chain is very small and Fe3+ ions are mainly
isolated. For small value of x, iron limits the correlation length by breaking FM
ordering between Co3+ ions along the c axis and reduces the strength of intrachain
exchange coupling constant J. When x increases (> 0.2), the formation of pairs of
Fe3+ ions along the chain is probable. There may be AFM exchange interaction (via
oxygen) between Fe3+ ions along the chain (Fig. 5.3) which can give the negative
value of J. This can lead to a FIM ordering (with negative θp ) at low temperatures.
For the x = 0.2 and 0.4 compounds, a coexistence of magnetic short-range and longrange ordering, below TN , has been conﬁrmed from the zero ﬁeld neutron diﬀraction
study (Chapter 4). We have observed that the correlation lengths for both magnetic
short-range ordering (SRO) and long-range ordering (LRO) do not diﬀer very much
for the x = 0.2 and 0.4 compounds, indicating that Fe ions in a chain are located
preferentially very close to each other for higher concentration of iron (x = 0.4).
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This conﬁrms that a higher concentration (for x = 0.4) of Fe hardly breaks the
ferromagnetic bonds further as compared to that for the lower concentration of Fe
(for x = 0.2).
Interactions between the chains in the ab plane give deviation from the 1D spin
system. The deviation from the ideal 1D character of Ising chain can be taken
into account by introducing the mean ﬁeld correction to the ideal 1D Ising spin
model. Mean ﬁeld correction to the S = 1/2, 1D Ising spin-chain is available in
literature, and it has been used [101] to evaluate the interchain exchange constant.
However, in literature no mean ﬁeld expressions, either for S = 2 Ising spin-chain
or for S = 2 and S = 5/2 mixed spin system, exist. It will be of great importance
to evaluate the interchain interaction if the mean ﬁeld corrections for such spin
systems are available. An alternate option to calculate interchain interaction is by
using ferri-to-ferromagnetic transition ﬁeld (H F IM −F M ). A ﬁeld induced FIM to
FM-like transition is found in our M vs. H study (Fig. 5.5). In a model of Ising
spin-chain [97], interchain interaction is related to H F IM −F M through the relation
J′ =

gµB HF IM −F M
.
12S

For the present system of mixed spins (S = 2 and S = 5/2),

assuming S = 2 and g = 2, we have derived the value of J ′ as used for S = 2 and S
= 3/2 mixed spin-chain system in literature [97]. The value of J ′ varies from -0.20
K for x = 0 to -0.32 K for x = 0.4. Therefore, as the concentration of iron increases
from 0 to 0.4, interchain interaction increases. Since the distance between magnetic
ions perpendicular to the chain axis, and the bond angle via oxygen do not change
by iron substitution, the increase in the value of J ′ can be understood by assuming
that the strength of exchange coupling for Co2/Fe-O-Co2/Fe pathway is greater
than that of the Co2-O-Co2. This is consistent with the fact that Fe is known to
introduce negative exchange interactions. Fe3+ has ﬁve electrons in the d orbital,
while Co3+ has six, and also spin character of host (Co) is Ising while impurity (Fe)
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Figure 5.5: Hysteresis curves at 1.5 K for Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, and 0.4).
Virgin magnetization curves (ﬁrst leg) show a possible ﬁeld induced FIM to FM
transition (marked by arrows).
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Table 5.1: Magnetic exchange constants for Ca3 Co2−x Fex O6 samples.
x

J (K)

J ′ (K)

|J ′ /J |

0

8.13

-0.20

0.025

0.1

6.13

-0.27

0.044

0.2

4.39

-0.30

0.068

0.4

-0.71

-0.32

0.451

is of Heisenberg nature. The ratio |J ′ /J| characterizes the “one dimensionality”
of the magnetic system. It varies from 0.025 for x = 0 to 0.451 for x = 0.4 as
shown in the Table 5.1. In literature, Clardige et al. reported J ′ /J ∼ 0.33 for
Sr3 CuPtO6 (Heisenberg chain compound) [102] and they concluded that it should
not be considered as 1D magnetic system due to a higher value of J ′ /J. Since for
the present x = 0.4 compound |J ′ /J | ∼ 0.451, this compound should also not be
considered as 1D magnetic system. The ratio is very small for Ca3 Co2 O6 hence
it has predominantly a one dimension character. We can, therefore, conclude that
as the concentration of iron increases, the one dimensional character of Ising spin
chains is reduced.
The previous report by Flahaut et al. [97] on substitution of Co3+ by Cr3+ in
Ca3 Co2 O6 shows that as the concentration of Cr increases from x = 0 to x = 0.1
in Ca3 Co2−x Crx O6 , both J and J ′ decrease. Here we would like to point out that
eﬀects of substitution of Cr are much diﬀerent from the present study where Fe is
substituted. The Cr3+ substitutes the LS Co3+ at octahedral site and it is in the
HS state (S = 3/2). In Ca3 Co2−x Crx O6 , solubility range of Cr3+ is limited to about
10 at. % occupation of octahedral site. In the Cr substitution case, cell constants
a and c change by ∼ 0.14 % and 0.08 %, respectively, for the change in x from 0
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to 0.15, whereas in the present case, the cell constant a changes only by 0.01 % for
the change in x from 0 to 0.4.

5.3.1.3

Field Dependent Magnetization

Figure 5.5 depicts hysteresis loops (ﬁeld up to 110 kOe) at 1.5 K for all the samples.
It is evident from Fig. 5.5 that virgin magnetization (M ) varies linearly with ﬁeld
in a small ﬁeld region. It is also found that a large hysteresis exists in M versus H
curves of all samples but as the concentration of iron increases, these curves become
less hysteric. The magnetization saturates for x = 0 but for x = 0.1, 0.2, and 0.4
samples the magnetization does not saturate even under the highest applied ﬁeld.
Experimentally observed values of the remanent magnetization and the coercive
ﬁelds are shown in Fig. 5.6. It is clear that as the concentration of iron increases
both remanent magnetization and coercive ﬁeld decrease. It is, therefore, evident
that the magnetic hardness decreases with Fe substitution. This is consistent with
the observed fact that with increasing Fe concentration, the 1D character of Ising
spin chains is reduced.
The spatial dimensionality (d ) of arrangement of magnetic ions in the present
system can be deduced from the approach of the magnetization to its saturation
value (M S ) in the high ﬁeld region [103, 104]. This dependency is given by

Ms − M
∝ (H)(d−4)/2
Ms

(5.4)

Here, the proportionality constant is given by δ = (C /M s )(4−d)/2 with C as magnetocrystalline anisotropy constant. According to Eq. ( 5.4), approach of magnetization to its saturation value △M /M s (here △M = M S - M ) obeys H −3/2 and
H −1/2 dependence for the 1D and three-dimensional (3D) interaction of magnetic
ions, respectively. Figure 5.7 depicts the variation of △M /M S with H −3/2 and
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Figure 5.6: Variation of remanent magnetization and coercive ﬁelds with composition. Solid lines are guide to the eye.
H −1/2 for all the samples at 1.5 K. Inset of Fig. 5.7 depicts variation of anisotropy
constant (C ) with composition, derived from the slope [= (C /M s )3/2 ] of △M /M S
vs H −3/2 curves. The results show that for x = 0, 0.1, and 0.2 samples, △M /M S
is proportional to H −3/2 and hence imply the 1D character of the spatial arrangement of magnetic ions in these samples. For x = 0.4 sample, △M /M S deviates
from H −3/2 dependence, which can be ascribed as deviation from ideal 1D character
of this sample (consistent with highest derived value of |J ′ /J |). The decrease of
anisotropy constant (C ) with the increase of iron concentration (inset of Fig. 5.7)
is also consistent with the aforesaid argument.

5.3.2

Neutron Diﬀraction Study of Field-induced Magnetic Phase Transitions in Ca3 Co1.8 Fe0.2 O6

Figure 5.8 (a) depicts the Rietveld reﬁned neutron diﬀraction pattern for the compound Ca3 Co1.8 Fe0.2 O6 at 1.5 K (well below T N ∼ 20 K) in zero applied ﬁeld. As
shown in the inset of Fig. 5.8 (a), the antiferromagnetic reﬂections appearing in
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Figure 5.7: Plots of △M /M S vs H −3/2 (open circles) and △M /M S vs H −1/2 (solid
triangles) obtained from high ﬁeld region of virgin magnetization curves. Straight
lines represent linear ﬁt of △M /M S vs H−3/2 . Inset shows variation of anisotropy
constant with composition.
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Figure 5.8: The Rietveld reﬁned neutron diﬀraction patterns of Ca3 Co1.8 Fe0.2 O6
at (a) 1.5 K under zero applied ﬁeld, (b) 4.2 K under an applied ﬁeld of 2 T :
experimental data (open circle), calculated curve (solid line), and diﬀerence (solid
line at bottom). The upper vertical marks are the nuclear Bragg reﬂections, lower
vertical marks are the magnetic reﬂections. The (hkl ) values for the satellite peaks
which appear below T N are also listed. The insets in (a) and (b) show the Rietveld
reﬁned patterns for two diﬀerent values of the propagation vector.
the neutron diﬀraction pattern can be indexed with the incommensurate propagation vector k = {0, 0, 1.0182 (9)}, and the magnetic structure corresponds to the
SDW structure [105]. Moreover, in zero applied ﬁeld, a magnetic short-range ordering (SRO) coexists with the long-range ordering (LRO) at all temperatures below
T N , as described in Chapter 4. Figure 5.8(b) depicts the Rietveld reﬁned neutron
diﬀraction pattern at 4.2 K under an applied ﬁeld of 2 T. As shown in the inset
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Figure 5.9: Schematic diagram of (a) AM state and (b) ferrimagnetic state, projected
on the ab plane. In Figs. (a) and (b), the circles represent the Ising spin chain, and
the plus (+) and minus (-) signs correspond to the direction (along the positive c
axis and negative c axis, respectively) of representative moments in the spin chains.
The values of the moments within the three nearest spin chains are marked.
of Fig. 5.8(b), the observed antiferromagnetic reﬂections can be indexed with the
commensurate propagation vector k = {0, 0, 1} and the magnetic structure corresponds to the AM structure, in which moments lie along the crystallographic c
axis. The amplitude of the moments in the unit cell is given by ML,j(j=6a,6b) = M j
cos(2πk.RL ). Here M j is the maximum moment and RL is the translation vector
with respect to the zeroth-cell. The amplitudes of the site moments in the unit cell,
labelled by the centring translation, RL = (2/3, 1/3, 1/3) and (1/3, 2/3, 2/3), are
modulated by -0.5. The observed amplitude modulated (commensurate) magnetic
structure is very much diﬀerent from the zero ﬁeld spin-density wave (SDW) magnetic structure, having incommensurate propagation vector k = {0, 0, 1.0182(9)}.
In the SDW magnetic structure, the values of the moments in the lattice varies between +M j and -M j , however, in the amplitude modulated structure (Fig. 5.9(a)),
the values of the moments within the three nearest spin-chains with the (x, y) coordinate as (0, 0), (2/3, 1/3), and (1/3, 2/3) are +M j , -M j /2, -M j /2, respectively.
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The observed crossover from incommensurate to commensurate magnetic ordering
indicates a reduction of the spin frustration on the triangular lattice.
To describe further the eﬀect of the magnetic ﬁeld on the magnetic structure
of the compound Ca3 Co1.8 Fe0.2 O6 , the observed magnetic Bragg peaks have been
considered in two groups; (i) the ﬁrst group corresponds to the satellite peaks, such
as (100), (200), and (210) reﬂections which appear below T N , and (ii) the second
group corresponds to the peaks such as (110), (220), and (012) whose intensities
appear on the top of the nuclear (fundamental) Bragg peaks. The temperature
dependences of the integrated intensities of these Bragg peaks play a crucial role
in determining the nature of the magnetic ordering of the compound in an applied
magnetic ﬁeld. A simple calculation using the Fullprof program [40] shows that the
magnetic contribution in the intensity of fundamental (110) Bragg peak is zero in
the case of the SDW/AM structure (Fig. 5.9 (a)), while the contribution is ﬁnite in
the case of a ferromagnetic/ferrimagnetic (Fig. 5.9 (b)) structure [in each case, the
moment was considered along the crystallographic c axis]. In Fig. 5.10, we show
the temperature dependence of the integrated intensities of the fundamental peaks
(110) and (220) under magnetic ﬁelds of 0, 2, and 4 T. In magnetic ﬁelds of 0 and
2 T, the intensities of the two peaks show no enhancement below 20 K (Figs. 5.10
(a) and (b)).

Under an applied ﬁeld of 2 T, no enhancement in the intensity of

these two peaks, conﬁrms an AM-type magnetic structure. Whereas, in the absence
of an external magnetic ﬁeld, no enhancement in the intensities of these two peaks,
corresponds to the SDW structure, as mentioned in Chapter 4 [73]. In the magnetic
ﬁeld of 4 T, below ∼ 20 K, the intensity of (110) peak increases gradually with
decreasing the temperature (Fig. 5.10 (c)), indicating that the magnetic structure is
ferrimagnetic/ferromagnetic at a ﬁeld of 4 T. We indeed ﬁnd that magnetic structure
at H = 4 T is ferrimagnetic, as evident from the following discussion. Figure 5.11
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Figure 5.10: Temperature dependence of the integrated intensity of the Bragg peaks
(110) (solid circle) and (220) (open circle) in an applied magnetic ﬁeld of (a) 0 T,
(b) 2 T, and (c) 4 T. The solid lines are guides to the eye.
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Figure 5.11: Temperature dependence of the integrated intensity of the Bragg peaks
(100) (open triangle) and (200) (solid circle) in an applied magnetic ﬁeld of (a) 0
T, (b) 2 T, and (c) 4 T. (d) Temperature dependence of the integrated intensity of
the Bragg peak (210) in an applied magnetic ﬁeld of 0 T (open circle), 2T (open
triangle), and 4 T (hollow square). The solid lines are guides to the eye.
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depicts the temperature dependences of the integrated intensities of the satellite
Bragg peaks (100), (200), and (210) in applied magnetic ﬁelds. It is important to
mention here that the application of magnetic ﬁeld does not change the number
of the additional magnetic Bragg reﬂections, it only aﬀects their intensities and
positions. In an applied ﬁeld of 4 T, the observed non zero intensities of the peaks
(100), (200), (210) [Figs. 5.11(c) and (d)] and an increase in the intensity of the
fundamental Bragg peak (110) [Fig. 5.10 (c)], below T N , suggest that magnetic
structure is ferrimagnetic as shown in Fig. 5.9 (b). However, the intensity of the
satellite peaks (100), (200), and (210) in the ferrimagnetic phase is small compared
to the AM structure [Fig. 5.11]. This suggests that the AFM correlations between
spin chains are weakened or broken when ﬁeld is increased to 4 T. When the ﬁeld is
increased further (> 5 T), the spin system with the “broken spin chains” approaches
to its fully ﬁeld induced ferromagnetic state as found in our earlier dc magnetization
study [77]. A similar ﬁeld induced ferrimagnetic structure and/or ferromagnetic
structure has been reported in literature for the most intensely studied compounds
Ca3 Co2 O6 and Ca3 CoRhO6 of the A3 MX O6 family [62, 66]. In the zero applied
magnetic ﬁeld [Figs. 5.11(a) and (d))], the intensities of the peaks (100), (200), and
(210) increase gradually with decreasing temperature, corresponding to the SDW
structure, as reported earlier [73]. In magnetic ﬁelds of 2 and 4 T (Figs. 5.11(b),
(c), and (d)), a pronounced drop in the intensities of the peaks (100), (200), and
(210) has been observed at lower temperatures (below ∼ 12 K). The origin of the
observed reduction in the intensities of these peaks will be discussed later.
Figure 5.12 describes the eﬀect of magnetic ﬁeld on the short-range magnetic
order. In zero applied ﬁeld, the SRO is present at all temperatures below T N with
a constant volume ratio 13:7 of the magnetic Bragg intensities for the LRO and the
SRO, as mentioned in Chapter 4 [73]. Even under magnetic ﬁelds of 2 and 4 T,
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Figure 5.12: The observed Bragg peak (100) (open circle) under an applied ﬁeld of
(a) 0 T, (b) 2 T, and (c) 4 T at 4.2 K; and (d) 0 T, (e) 2 T, and (f) 4 T at 16
K. In Figs. (a) - (d), the Bragg peak (100) is ﬁtted (solid line) as a sum of two
pseudo-Voigt peaks, where the width of the narrow peak (dotted line) is limited by
the instrumental resolution function. In Figs. (e) and (f), the Bragg peak (100) is
ﬁtted with a single pseudo-Voigt proﬁle having a width limited by the instrumental
resolution function.
a broadening (Bragg peak width larger than that expected from the instrumental
resolution function) of the satellite Bragg peak (100) persists below ∼ 12 K. However,
the nature of the SRO (below 12 K) in applied magnetic ﬁeld is diﬀerent from that in
zero applied ﬁeld (discussed later). The proﬁles of the observed satellite Bragg peak
(100) at all temperatures below T N (∼ 20 K) under zero applied ﬁeld , and below ∼
12 K under applied ﬁelds, have been ﬁtted using a combination of two pseudo-Voigt
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Figure 5.13: Temperature variation of the FWHM of the Bragg peak (100) in an
applied ﬁeld of (a) 0 T (b) 2 T and (c) 4 T. The FWHM expected from the instrumental resolution function is shown as solid horizontal line.
peaks, where the width of only one peak is limited by the instrumental resolution
function. The derived temperature variation of the full width at half maximum
(FWHM, convoluted peak width by considering both narrow and broad peaks), is
plotted in Figs. 5.13 (a), (b), and (c). In zero applied ﬁeld, the nature of the
SRO is same as mentioned in Chapter 4 [73]. Figures 5.12 (a), (b), and (c) depict
the ﬁtted proﬁles at 4.2 K in the magnetic ﬁelds of 0, 2, and 4T, respectively.
Above 12 K, under ﬁelds of 2 and 4 T, the width is limited by the instrumental
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resolution indicating that the short-range magnetic order is converted into the longrange magnetic order. The proﬁle of the Bragg peak corresponding to this long-range
ordering [Figs. 5.12 (e) and (f)] has been ﬁtted well using a single pseudo-Voigt
function. In zero applied ﬁeld, the SRO correlation length is ∼ 54 Å at 4.2 K
and it gets aﬀected by the magnetic ﬁeld. The SRO correlation lengths are ∼ 149
and 110 Å at 4.2 K, and 86 and 62 Å at 7 K in an applied ﬁeld of 2 and 4 T,
respectively. Besides, the application of magnetic ﬁeld aﬀects the volume ratio of
the LRO and SRO contributions (13:7 and 3:2 at 7 and 4.2 K, respectively, under
applied ﬁeld of 4 T). We also note that similar behaviour has been observed for the
other peaks (200) and (210). Under an applied ﬁelds of 2 and 4 T, the enhancement
of the SRO volume fraction with lowering of temperature could be responsible for
the observed reduction in the intensity of the satellite Bragg peaks (100), (200), and
(210) below ∼ 12 K, shown in Fig. 5.11. Here it may be noted that in Chapter
4 [73], the presence of the SRO at all temperatures (below T N ), in zero applied
ﬁeld, was attributed to the diﬀerent spin character of the Co3+ (Ising) and Fe3+
(Heisenberg) spins, due to which the Fe3+ ions remains in the paramagnetic phase
or freeze randomly at low temperatures. In the present study, we have observed
that in magnetic ﬁelds of 2 and 4 T, the SRO is present only at low temperatures
(< 12 K). This suggests that in applied ﬁelds, in a spin-chain, the Fe3+ spins are
aligned parallel to the Co3+ spins for 12 < T < 20 K. However, at low temperatures
(below ∼ 12 K), both Co3+ and Fe3+ spins possibly freeze randomly as the SRO
volume fraction increases. Such a spin freezing is diﬀerent form the spin freezing in
zero ﬁeld (mentioned in Chapter 4) [73], where only the Fe3+ spins freeze randomly,
resulting in the diﬀerent nature of the SRO in the presence of ﬁeld.
Now we compare the observed ﬁeld induced transitions for the present compound
with one of the well studied compounds of A3 MX O6 family, viz. the compound
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Ca3 CoRhO6 [62, 66, 106]. The compound Ca3 CoRhO6 was reported to order in the
PDA state below 90 K. However, the present compound Ca3 Co1.8 Fe0.2 O6 orders in
the SDW structure below T N . Besides, for the compound Ca3 CoRhO6 , a magnetic
contribution to the intensity of the (110) peak was observed in an applied ﬁeld of 2
T below 90 K, which was ascribed to a ﬁeld induced ferrimagnetic state. Further,
a drop in the intensity of the Bragg peak (100) was observed below ∼ 30 K for
the measurements in a ﬁeld of 2 T. The observed drop in the intensity of the (100)
peak was ascribed to a magnetic phase transition from the ferrimagnetic state to
a frozen PDA (FPDA) state, below 30 K. In the present study for the compound
Ca3 Co1.8 Fe0.2 O6 , two ﬁeld induced transitions, ﬁrst from the zero ﬁeld SDW structure to a commensurate amplitude modulated (AM) structure, and second from
the AM structure to a ferrimagnetic structure have been observed. The observed
SDW structure and AM structure are very much diﬀerent from the PDA and FPDA
structures of the compound Ca3 CoRhO6 . The observed reduction in the intensities
of the satellite peaks (in applied ﬁelds) for the present compound has been ascribed
to the presence of the SRO at low temperatures.
Now we compare the observed ﬁeld induced transitions in the present study
with the parent compound Ca3 Co2 O6 . In absence of magnetic ﬁeld, the parent
compound Ca3 Co2 O6 , was reported to order in a modulated PDA structure with
the propagation vector k = {0, 0, 1.01} below 25 K [86]. A ﬁeld induced transition to a ferrimagnetic state was observed, in the magnetic ﬁeld of 1.7 T, and
then a transition to a ferromagnetic state was reported in the magnetic ﬁeld of 3.6
T [62]. However, for the present compound Ca3 Co1.8 Fe0.2 O6 , we have observed a
ﬁeld induced incommensurate (SDW structure at H = 0 T) to commensurate (AM
structure at H = 2 T) magnetic phase transition, followed by another magnetic
phase transition to a ferrimagnetic state at a higher ﬁeld. Further, for the parent
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compound Ca3 Co2 O6 , a SRO (of antiferromagnetic nature) along with a LRO was
reported only below ∼ 15 K (T N = 25 K). Moreover, no change in the degree of
antiferromagnetic disorder (SRO) was reported at magnetic ﬁelds of 1.2 and 2.4 T
[106]. For the present compound Ca3 Co1.8 Fe0.2 O6 , in zero applied ﬁeld the SRO
coexists with LRO at all the temperatures below T N (∼ 20 K). An application of
magnetic ﬁeld converts the SRO into the LRO above 12 K. We, therefore, conclude
that the magnetic properties of the compound Ca3 Co1.8 Fe0.2 O6 are very much diﬀerent from the well studied compounds Ca3 Co2 O6 and Ca3 CoRhO6 of the A3 MX O6
family.

5.4

Summary and Conclusion

The author has studied the eﬀect of an external magnetic ﬁeld on the nature of
the magnetic ordering in the compounds Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, and 0.4)
using dc magnetization and neutron diﬀraction techniques. For all compounds, the
high temperature magnetic susceptibility obeys the Curie-Weiss law. The values
of paramagnetic Curie temperature decrease as the concentration of iron increases
(θp = 27.8 for x = 0 compound) and it becomes negative (-1.6 K for x = 0.4) for
higher concentration of iron. From the dc-magnetization study, we have derived the
values of the intrachain (positive) and interchain (negative) exchange constants for
the compounds Ca3 Co2−x Fex O6 (x = 0.0, 0.1, 0.2, and 0.4). The values of intrachain exchange constant J derived by ﬁtting the high temperature χT vs T curves
with the theoretical model indicates that as the concentration of iron increases, J
decreases and for higher concentration of iron (x > 0.2) it becomes negative. These
results can be understood by considering the formation of pairs of Fe3+ ions along
the chain for higher concentration of iron (x = 0.4) and negative exchange interaction between Fe3+ ions along the chain (via oxygen). A coexistence of the SRO and
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LRO (for the x = 0.2 and 0.4 compounds), has been conﬁrmed from the zero ﬁeld
neutron diﬀraction study (Chapter 4). It is observed that the correlation lengths
for both SRO and LRO do not diﬀer very much for the x = 0.2 and 0.4 compounds,
indicating that Fe ions in a chain are located preferentially very close to each other
for higher concentration of iron (x = 0.4). A ﬁeld induced ferri-to-ferromagnetic like
transition is found in the M vs H study. An estimate of the interchain exchange
constant J ′ , derived from the ferri-to-ferromagnetic like transition under ﬁeld, indicates that J ′ increases with increasing the Fe concentration. This indicates that the
strength of negative exchange interaction for Co2/Fe-O-Co2/Fe pathway is greater
than that of the Co2-O-Co2 which can be ascribed to the diﬀerent spin nature of
Co3+ and Fe3+ ions. Deviation from △M /M S = δ H −3/2 behavior with increasing iron concentration indicates the deviation form quasi-1D character of spins for
higher Fe substituted compounds. The observed results (in the dc magnetization
study) have been ascribed to a breaking of the ferromagnetically ordered linear spinchains along the crystallographic c axis with iron substitution and strengthening of
antiferromagnetic exchange interaction between Fe3+ ions.
Neutron diﬀraction study has been carried out to study the spin-spin correlations in the compound Ca3 Co1.8 Fe0.2 O6 , 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). At low temperatures, in the zero ﬁeld, the magnetic
structure corresponds to the SDW structure with an incommensurate propagation
vector [k = {0, 0, 1.0182(9)}]. An application of magnetic ﬁeld up to 4 T does
not change the number of the additional magnetic Bragg reﬂections in the neutron
diﬀraction patterns, it only aﬀects their intensities and positions. A change in the
propagation vector from an incommensurate [k = {0, 0, 1.0182 (9)}] to a commensurate [k = {0, 0, 1}] is found, when the magnetic ﬁeld is increased to 2 T. In an
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applied ﬁeld of 2 T, the magnetic structure corresponds to an amplitude modulated
structure with k = {0, 0, 1}. The observed change in the propagation vector, from
the incommensurate to the commensurate, indicates a reduction of the spin frustration on the triangular lattice in an applied ﬁeld of 2 T. A further increase of the
magnetic ﬁeld (H = 4 T) leads to a magnetic phase transition from the amplitude
modulated structure to a ferrimagnetic structure. In the ferrimagnetic phase, intensities of the satellite peaks (100), (200), and (210) are low compared to the SDW
and the AM structures, indicating that the AFM correlations between spin chains
are weakened or broken, before the system reaches to a fully polarized ferromagnetic
phase at higher magnetic ﬁelds (> 5 T). The application of magnetic ﬁeld aﬀects
the SRO volume fraction as well as the spin-spin correlation length. The applied
magnetic ﬁeld also converts the SRO (which was present in zero ﬁeld) into LRO
above 12 K, however, below 12 K, the SRO still persists. In the magnetic ﬁelds of
2 and 4 T, the observed reduction in the intensities of the peaks (100), (200), and
(210) [below ∼ 12 K] has been attributed to an increase in the volume fraction of
the SRO (diﬀerent from the zero ﬁeld SRO). This is in contrast with the zero ﬁeld
neutron diﬀraction study, where a SRO coexists with LRO in a constant volume
ratio of 13:7 at all temperatures below T N . The derived results would be useful to
understand the eﬀect of an external magnetic ﬁeld on the nature of the magnetic ordering in other geometrically frustrated triangular lattice spin systems. The results
would also be useful to develop theoretical models to describe the eﬀect of magnetic
ﬁeld on the degenerate magnetic ground states of such quasi-1D spin-chain systems.
However, a single crystal neutron diﬀraction study would be required for a complete
elucidation of a magnetic phase diagram of the compound Ca3 Co1.8 Fe0.2 O6 in the
temperature-magnetic ﬁeld plane.

Chapter 6
Magnetic Properties of the Rare-earth Substituted
Compounds Ca2.75R 0.25Co2O6
6.1

Introduction

The magnetic properties of the compound Ca3 Co2 O6 have been studied extensively
in literature (discussed in Chapter 4). However, the eﬀect of electron doping on
electronic and magnetic properties of the compound Ca3 Co2 O6 has not been studied in detail. Vidya et al. [95] have carried out a ﬁrst principle calculations, based
on density functional theory, with generalized gradient corrections, to study the effect of electron doping on the electronic and magnetic properties of the compound
Ca3 Co2 O6 [95]. They [95] predicted that electronic and magnetic properties of the
compound Ca3 Co2 O6 can be tuned by an electron doping. The ground states of
the compounds Ca2.25 Y0.25 Co2 O6 and Ca2.7 Y0.3 Co2 O6 were predicted to be insulating ferromagnet [95]. However, the experimentally reported magnetic ground state
for the compound Ca2.7 Y0.3 Co2 O6 was ferrimagnetic [107]. It was found that as
the concentration of Y increased, the Curie-Weisss temperature and the eﬀective
paramagnetic moment decreased, indicating a reduction in the strength of ferromagnetic intrachain exchange interaction (J ). For the concentration of Y greater
than 0.3, no magnetic ordering was observed [108]. The eﬀect of other rare-earth
(R) substitution at the Ca site on the structural and magnetic properties of the
compounds Ca3−ν R ν Co2 O6 (ν ≤ 0.9) was investigated by Hervoches et al. [108]
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using dc -magnetization and x-ray diﬀraction techniques. The unit-cell dimensions
were reported to vary linearly with increasing the concentration of R3+ (R = Y,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb, and Lu) [108]. A reduction in the magnetic
moment of the cobalt ions at TP site was observed, similar to that reported for the
Y substituted compounds [107]. The compounds Ca2.70 R0.30 Co2 O6 were found to
order magnetically for R = Pr, Nd, Sm, Eu, Tb, Ho, and Lu. However, no magnetic
ordering was observed for the compounds Ca2.70 Dy0.30 Co2 O6 , Ca2.70 Gd0.30 Co2 O6 ,
and Ca2.70 Yb0.30 Co2 O6 [108].
Motivated by the above mentioned studies, we have prepared polycrystalline
samples of the compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy). This particular concentration of rare-earths has been chosen by keeping in mind that the compounds
should have maximum electron doping but at the same time order magnetically.
This would allow us to investigate the eﬀect of electron doping on the magnetic
ground state. We have chosen Lu and Dy substituted compounds because of a signiﬁcant diﬀerence in the Shannon ionic radii [109] of Lu3+ and Dy3+ (0.977 and
1.027 , respectively). In the parent compound Ca3 Co2 O6 , the crystal structure
contains spin-chains, made up of alternating face sharing CoO6 octahedra (OCT)
and CoO6 trigonal prism (TP), running along the crystallographic c axis. These
chains are arranged on a triangular lattice in the ab plane and are separated by
non-magnetic Ca2+ ions (ionic radii of Ca2+ is 1.12 Å). The substitution of Lu 3+
and Dy 3+ ions at the Ca2+ site, due to a signiﬁcant diﬀerence in the ionic radii,
may change the distance between magnetic ions. The diﬀerence in the oxidation
state of the R 3+ and Ca2+ would vary the oxidation and spin states of Co3+ ions in
the compound Ca3 Co2 O6 . These factors are expected to change the intrachain and
interchain magnetic exchange interactions, which can modify the magnetic properties of these spin-chain compounds. Moreover, Dy3+ is magnetic and Lu3+ (4f 14 ) is
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non-magnetic. The Dy-substituted compound would, therefore, enable us to investigate the possible microscopic changes in the nature of magnetic ordering due to
the presence of magnetic ions between chains.
In the present work, the magnetic properties of rare-earth substituted compounds
Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy) have been studied using low temperature neutron diﬀraction and dc magnetization techniques. The results of the dc magnetic
susceptibility and neutron diﬀraction study conﬁrm that extra electrons in these
compounds are transferred to the cobalt ions at the TP site. Both compounds order
magnetically in the incommensurate spin density wave (SDW) below their respective
Néel temperatures. The observed decrease in the values of the TN (∼ 25 K for the
parent compound Ca3 Co2 O6 ), with rare earth substitution, indicates a reduction in
the dominant intrachain (J ) ferromagnetic interaction.

6.2

Experimental Details

Polycrystalline compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy) were prepared using
the conventional solid state reaction method as described in Chapter 2. Rietveld
reﬁnement of room-temperature x-ray powder diﬀraction patterns conﬁrmed the
single phase formation of both compounds in the space group R 3̄c.
The neutron diﬀraction experiments were carried out on high-resolution powder
diﬀractometer D2B at the Institut Laue-Langevin (ILL) in Grenoble (France). The
diﬀraction patterns were collected at selected temperatures (T = 1.5 and 50 K)
in an angular range 8◦ < 2θ < 150◦ with 2θ step of 0.05◦ , using a wavelength of
2.39 Å. Neutron diﬀraction patterns between 1.5 and 25 K were measured using
the high intensity D1B diﬀractometer (λ = 2.52 Å) at ILL, Grenoble (France).
Diﬀraction data analysis was done by the Rietveld method using the FULLPROF
[40] reﬁnement package. The representation theory analysis was performed using
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the BASIREPS software [40].
Magnetization measurements were carried out using a commercial (Cryogenic
Limited, UK) vibrating sample magnetometer. For the zero-ﬁeld-cooled (ZFC) magnetization measurements, the samples were cooled down to 2 K in zero ﬁeld, then a
magnetic ﬁeld of 1kOe was applied, and the data were recorded in the warming cycle, with ﬁeld on. Whereas, for the ﬁeld cooled (FC) magnetization measurements,
after applying the magnetic ﬁeld of 1kOe at 300 K, samples were cooled down to 2
K, and FC magnetization was measured in the warming cycle. The hysteresis curves
were recorded at various temperatures over + 9 to -9 Tesla applied ﬁeld.

6.3
6.3.1

Results and Discussion
Magnetic Susceptibility

The temperature dependencies of the FC and ZFC susceptibilities for both compounds are shown in Fig. 6.1. The ZFC susceptibility (χ) increases gradually with
decreasing the temperature down to ∼ 7 K, below which it drops. However, the
FC susceptibility increases continuously with decreasing the temperature down to
2 K. A bifurcation between FC and ZFC susceptibility has been observed at low
temperatures (∼ 8 K). A small kink in the ZFC susceptibility curve, has been observed at ∼ 17 K for Ca2.75 Lu0.25 Co2 O6 , however, no such kink has been observed
for Ca2.75 Dy0.25 Co2 O6 (insets of Fig. 6.1). The observed kink can be attributed to
a 3D magnetic ordering in Ca2.75 Lu0.25 Co2 O6 . Here we would like to mention that a
3D magnetic ordering has been observed below ∼ 16 K for both compounds in the
neutron diﬀraction study (Section 6.3.2). The observed behavior is similar to that
observed for the parent compound Ca3 Co2 O6 and Fe-substituted compounds (described in Chapter 4). In literature, a similar behavior has been reported for other
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Figure 6.1: Dc magnetic susceptibility vs temperature curves under 1 kOe ﬁeld
for Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy). The (red) open and (black) solid circles
correspond to ZFC and FC modes, respectively. Insets show zoomed-in view of the
ZFC susceptibility at low temperatures.
compounds of the A3 MXO6 family, viz. Ca3 CoRhO6 [94] and Sr3 NiRhO6 [110] .
The observed bifurcation (between FC and ZFC susceptibilities) can be ascribed to
the spin freezing phenomenon, which may arise due to the presence of a geometrical frustration in these compounds. For both compounds, high temperature (in the
paramagnetic region) magnetic suitability obeys the Curie-Weiss law [ χmol = C mol /
T - θp ], here C mol is molar Curie constant and θp is the paramagnetic Curie temperature. The temperature dependencies of the inverse susceptibilities (χ−1 ) and
the ﬁtted curves with Curie-Weiss law are shown in Fig. 6.2. The derived values
of the θp for the compounds Ca2.75 Lu0.25 Co2 O6 and Ca2.75 Dy0.25 Co2 O6 are 28.4 and
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Figure 6.2: Inverse ZFC susceptibility (H = 1 kOe) vs temperature curves ﬁtted
with the Curie-Weiss law for Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy).
16.6 K, respectively. The positive value of θp indicates a ferromagnetic nature of the
dominant exchange interaction. Here it may be noted that for the parent compound
Ca3 Co2 O6 , the reported value of the θp is ∼ 30 K [77]. The observed decrease in
the values of the θp with rare earth substitution indicates a reduction in the dominant ferromagnetic intrachain exchange interaction. The derived values of the molar
Curie constant C mol for the compounds Ca2.75 Lu0.25 Co2 O6 and Ca2.75 Dy0.25 Co2 O6
are 3.56 and 6.45 emu K/mol-Oe, respectively. The eﬀective paramagnetic moment
(µef f ) per formula unit has been derived from the experimental molar curie constant
√
C mol using the relation µef f ≈ 8Cmol . The derived values of the µef f are 5.34 and
7.18 µB /f.u. for the compounds with R = Lu and Dy, respectively. For the Co
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ions at the TP and OCT sites, one expects a quenching of the orbital momentum,
so that L = 0, J = S, and g = 2 [77]. For the rare earth ions R 3+ , the spin-orbit
coupling is stronger than the crystalline electric ﬁeld and the magnetic moment can
be associated with the total angular momentum J. The values of J for Lu3+ and
Dy3+ are 0 and 15/2 , respectively. For the parent compound Ca3 Co2 O6 , due to the
crystalline electric ﬁeld (t 2g and e g splitting), Co3+ ions at the OCT site are reported
to be in the low spin (S = 0 ) state [52]. The reported value of the eﬀective moment is 5.5 µB per formula unit. In the present rare earth substituted compounds,
the extra electrons can be transferred to the cobalt ions at either TP or OCT site.
The transfer of extra electrons is expected to change the oxidation state of some
of cobalt ions from 3+ (3d 6 ) to 2+ (3d 7 ). If the extra electrons are transferred to
the cobalt ions at the OCT site, the spin conﬁguration of 25 percentage of cobalt
ions at the OCT site (low spin site) will change from S = 0 (3d 6 ) to S = 1/2 (3d 7 ),
which would result in an increase (compared to Ca3 Co2 O6 ) in the value of µef f per
formula unit. On the other hand, if extra electrons are transferred to the cobalt
ions at the TP site, the spin conﬁguration of 25 percentage of cobalt ions at the TP
site (high spin site) will change from S = 2 (3d 6 ) to S = 3/2 (3d 7 ). This would
result in an decrease in the value of µef f per formula unit, provided the rare earth
ions carry a zero moment (which is the case of Lu3+ ). The observed lower value of
the µef f for the compound Ca2.75 Lu0.25 Co2 O6 (5.34 µB /f.u.) compared to the value
reported in the literature for the parent compound Ca3 Co2 O6 (5.5 µB /f.u.) suggests
that extra electrons are transferred to the cobalt ions at the TP site. The expected
values of the µef f , considering extra electrons are transferred to the cobalt ions at
the TP site, can be calculated using the expression

µef f

√
= 0.25gJ2 J(J + 1) + 0.75 × 22 × 2 × 3 + 0.25 × 22 × 3/2 × 5/2 .
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Here g J is Landé factor. For R = Lu and Dy compounds, theoretically expected
(considering spin only values of the moment for cobalt ions) values of µef f are 4.66
and 7.077 µB /f.u., respectively. The higher experimental values of the µef f can be
due to a partial quenching of the Co3+ angular momentum. Here it may be noted
that for the parent compound Ca3 Co2 O6 , an orbital momentum of 1.7 µB has been
reported for the Co3+ ions at the TP site [69].

6.3.2

Magnetic Structure

Rietveld reﬁned neutron diﬀraction patterns for both compounds at 50 K are shown
in Fig. 6.3. The reﬁned values of the structural parameters, given in Table 6.1, are
consistent with the values obtained from the Rietveld reﬁnement of room temperature x-ray diﬀraction patterns mentioned in Chapter 3 (except the variation in the
structural parameters due to the temperature factor).
The low temperature neutron diﬀraction experiments were carried out to investigate the nature of magnetic ordering in these compounds. Figures 6.4 and 6.5
depict the neutron diﬀraction patterns for the compounds Ca2.75 R 0.25 Co2 O6 with
R = Lu and Dy, respectively, in the temperature range 1.5 - 25 K, measured on
the high ﬂux D1B diﬀractometer. Additional Bragg peaks in the neutron diﬀraction patterns appear for both compounds below ∼ 16 K, indicating the onset of an
antiferromagnetic ordering. For the parent compound Ca3 Co2 O6 , a 3D magnetic
ordering is reported to occur below the Néel temperature (T N ∼ 25 K) due to a
combined eﬀect of a stronger intrachain ferromagnetic (J ) and a weaker interchain
antiferromagnetic (J ′ ) interactions [88]. The observed decrease in the 3D magnetic
ordering temperature with the rare-earth substitution indicates a lower values of J,
which is consistent with our structure studies, where a increase in the lattice constant c, with the substitution of the rare earth ions, has been observed. The increase
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Figure 6.3: Observed (open circles) and calculated (solidFigure
lines) neutron
2 diﬀraction
patterns of Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy) at 50 K. Solid lines at the bottom of
Jain
et al.
each panel show diﬀerence between observed and calculated
patterns.
Vertical lines
show the position of Bragg peak.
in the separation between magnetic ions along a chain, gives a weaker ferromagnetic
intrachain exchange interaction (J ).
To analyze the precise nature of the antiferromagnetic ordering (exact values of
the propagation vector), neutron powder diﬀraction patterns have been measured at
1.5 K for both compounds on the high resolution D2B diﬀractometer. The magnetic
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Table 6.1: Structural parameters (atomic positions, thermal parameters, bond
lengths, and bond angles) obtained from the reﬁnement of the neutron diﬀraction
patterns at 50 K for the compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy). Both compounds crystallize in the space group R 3̄c. The lattice constants are a = 9.0532(2)Å,
c = 10.4548(4)Å and a = 9.0410(2)Å, c = 10.4486(3)Å for R = Dy and Lu, respectively. All crystallographic sites are fully occupied.
Compound

Atom

Site

x

y

z

B iso (Å2 )

R = Dy

Ca/Dy

18e

0.3684(5)

0

0.25

0.24(2)

Co1

6b

0

0

0

0.25 (6)

Co2

6a

0

0

0.25

0.28(5)

O

36f

0.1113(2)

0.38 (3)

0.1769(4) 0.0254(3)

Bond lengths (inÅ)
Co1-Co2

2.6137(1)

Co1-O

1.898(3)

Co2-O

2.086(3)
Bond angle

R = Lu

Co1-O-Co2

81.8(3)◦

Ca/Lu

18e

0.3692(3)

0

0.25

0.26(2)

Co1

6b

0

0

0

0.28(3)

Co2

6a

0

0

0.25

0.21(3)

O

36f

0.1120(1)

0.36(3)

0.1785(2) 0.0254(2)

Bond lengths (inÅ)
Co1-Co2

2.6121(2)

Co1-O

1.912(2)

Co2-O

2.089(2)
Bond angle

Co1-O-Co2

81.37(7)◦

Bragg peaks at 1.5 K have been indexed using the incommensurate propagation
vector k = {0, 0, 1.02} referred to the rhombohedral setting of the space group R 3̄c
(Fig. 6.6). The magnetic structure has been analyzed using the standard irreducible
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Figure 6.4: Temperature evolution of the neutron powder diﬀraction patterns of
Ca2.75 Lu0.25 Co2 O6 . Additional peaks appear below ∼ 16 K due to the onset of an
antiferromagnetic ordering.
representational theory as described by Bertaut [75, 76]. The analysis shows that
magnetic reducible representation Γ for the 6a and 6b sites can be written as

(1)

(1)

(2)

Γ(6a) = 1Γ1 + 1Γ2 + 2Γ3

and
(1)

(1)

(2)

Γ(6b) = 1Γ1 + 1Γ2 + 2Γ3 .
Here, the representation Γ1 and Γ2 are one dimensional, however, the representation
Γ3 is two dimensional. The observed neutron powder diﬀraction patterns for both
compounds (Fig. 6.6) have been ﬁtted with the magnetic structures corresponding to
the representation Γ2 . The resulting magnetic structure with the representation Γ2 is
shown in Fig. 6.7. The magnetic structure corresponds to an incommensurate spin-
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Figure 6.5: Temperature evolution of the neutron powder diﬀraction patterns of
Ca2.75 Dy0.25 Co2 O6 . Additional peaks appear below ∼ 16 K due to the onset of an
antiferromagnetic ordering.
density wave structure, having c axis as directions of both moment and modulation.
In the resulting magnetic structure, the magnetic moments at the 6a (0, 0, 1/4) and
6b (0, 0, 0) sites are given by

mL,j(j=6a,6b) =

∑ 1
S kj exp(−2πik .RL )
2

(−k,+k)

=

1 k
[S exp(−2πik .RL ) + S−k
j exp(−2πik .R L )]
2 j

= Skj cos(2πk.RL )

(6.1)

Here S6a k and S6a k , the Fourier coeﬃcients, are the maximum magnetic moments
at the 6a and 6b sites, respectively, and RL is the translation vector with respect to
the zeroth cell including the non-integer translations t1 = (2/3, 1/3, 1/3) and t2 =
(1/3, 2/3, 2/3). For both compounds, the reﬁned values of the maximum moment
at the 6b site, m6b , are zero. The values of the maximum moment at the 6a site

Chapter 6. Magnetic Properties of the Rare-earth Substituted Compounds
Ca2.75 R0.25 Co2 O6

Neutron counts (arb. unit)

800
400

Ca2.75Dy0.25Co2O6

205

(a)

T = 1.5 K, λ = 2.39 Å
D2B, ILL

0
(b)

Ca2.75Lu0.25Co2O6
800

T = 1.5 K, λ = 2.39 Å
D2B, ILL

400
0
1

2

3
Q (Å )
-1

4

5

Figure 6.6: The Rietveld reﬁned neutron powder diﬀraction patterns at 1.5 K for (a)
Ca2.75 Dy0.25 Co2 O6 and (b) Ca2.75 Lu0.25 Co2 O6 using the SDW structure with propagation vector {k = 0, 0, 1.02}: experimental data (open circle), calculated curve
(solid line), and diﬀerence (solid line at the bottom). Vertical marks correspond to
the position of all allowed Bragg reﬂections for the crystal (top row) and magnetic
(bottom row) reﬂections.
are 4.2 (2) and 4.2 (3) for R = Dy and Lu, respectively. For both compounds, the
reﬁnement yielded a zero ordered moment for the rare earth ions located at 18e site.
In the literature, for the parent compound Ca3 Co2 O6 , it has been well established
[86] that the Co3+ ions at the OCT site are in low spin state (S = 0) and the
Co3+ ions at the TP site carry an ordered moment of 5.1 µB (including a sizable
contribution from the orbital angular momentum). For the present compounds
Ca2.75 R 0.25 C2 O6 , the reﬁned value (zero) of the ordered moment at the OCT site
conﬁrms that cobalt ions at the OCT sites remain in the 3+ oxidation state (d 6 ,
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Figure 6.7: Schematic of the proposed incommensurate spin-density wave structure
[k = {0, 0, 1.02)}] for 50 unit cells, with a modulation and alignment of the moments
along the crystallographic c axis, corresponding to the model used to calculate the
diﬀraction patterns shown in Figs. 6.6 (a) and (b) for R = Dy and Lu samples,
respectively. The magnitude and direction of spins in the three adjacent spin chains
with the (x, y) coordinate as (0, 0), (1/3, 2/3), and (2/3, 1/3) are shown.
S = 0). The observed reduction in the value of the maximum moment at the
TP site (compared to Ca3 Co2 O6 ) conﬁrms that the extra electrons are transferred
to the cobalt ions at the TP site. By considering that 25 percent of the cobalt
ions at the TP site change their spin state from S = 2 (3d 6 ) to S = 3/2 (3d 7 )
due to the transfer of electrons, the theoretically expected spin only value of the
maximum ordered moment at the 6a site is given by m6a = [0.75 m(Co3+ ) + 0.25
m(Co2+ )]. Here m(Co3+ ) and m(Co2+ ) are the spin only ordered moment for the
Co3+ and Co2+ ions, with values 4 and 3 µB , respectively. For both compounds,
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the theoretically calculated spin only value is 3.75 µB per f.u. The observed high
value of the maximum moment at the 6a site indicates a sizable contribution from
the orbital angular momentum of cobalt ions. These results are consistent with the
derived values of µef f from the dc magnetization study.
Now we discuss that the true ground state magnetic structure of the present
rare-earth substituted compounds is an incommensurate SDW magnetic structure,
not a ferrimagnetic structure, reported by Hervoches et al. [108]. The temperature
dependence of the integrated intensity of the (110) nuclear Bragg peak plays a
very important role in determining the ground state magnetic structure of these
compounds. A simple calculation using the program Fullprof [40] shows that the
magnetic contribution in the intensity of the (110) peak is zero in the case of SDW
structure, however, the contribution is ﬁnite in the case of a ferrimagnetic structure.
Temperature variation of the integrated intensity of the (110) peak is shown in Fig.
6.8 for both compounds. No change in the intestines of the fundamental (nuclear)
Bragg peak (110) peak, below T N , rules out the possibility of the ferrimagnetic
structure.
Now we compare the nature of the observed incommensurate SDW magnetic
structure for the present rare-earth substituted compounds with the reported incommensurate SDW structure for the parent compound Ca3 Co2 O6 (discussed in
Chapter 4). Figure 6.9 shows the temperature dependence of the integrated intensity of the prominent antiferromagnetic Bragg peak (100) for the present rare-earth
substituted compounds. For both compounds, the intensity of the (100) AFM peak
increases with decreasing the temperature (below T N ) and then saturates at lower
temperature. Whereas, for the parent compound Ca3 Co2 O6 (TN ∼ 25 K), below ∼
15 K, a decrease in the intensity of AFM peak (100) was reported in the powder [86]
as well as single crystal neutron diﬀraction study [62]. The anomalous reduction
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Figure 6.8: Temperature dependence of the integrated intensity of the nuclear Bragg
peak (110) for (a) Ca2.75 Lu0.25 Co2 O6 and (b) Ca2.75 Dy0.25 Co2 O6 .
in the intensity was ascribed to the presence of a magnetic phase with short-range
order [86]. The onset of the magnetic short-range order was reported to be originated from the defects in the propagation of the long-range magnetic structure. At
low temperatures, the SDW structure was reported to be unstable and a increase
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Figure 6.9: Temperature dependence of the integrated intensity of the AFM reﬂection (100) for (a) Ca2.75 Lu0.25 Co2 O6 and (b) Ca2.75 Dy0.25 Co2 O6 .
in the volume fraction of short-range ordering (SRO) was reported [86]. For the
present rare-substituted compounds, no reduction in the intensity of the (100) peak
indicates that the SDW structure for these compounds is stable down to 1.5 K. In
addition, for the parent compound Ca3 Co2 O6 , below ∼ 13 K, a long-time variation
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of the magnetic structure, in which the magnetic Bragg peaks at (1, 0, ± δ) move
toward (1, 0, 0) with real time, was reported in the single crystal neutron diﬀraction
study [89]. Moreover, a second set of magnetic peaks corresponding to the commensurate antiferromagnetic structure with the propagation vector k2 = {0.5, 0.5,
0} was reported to appear in the powder neutron diﬀraction patterns at low temperatures, if the sample was held at 10 K for some time while cooling [88]. A time
dependence of the strongest magnetic Bragg peaks of the SDW and commensurate
antiferromagnetic (CAFM) structures was also observed [88]. To examine the presence of a possible time variation of the magnetic structure for the present rare-earth
substituted compounds, we have recorded neutron diﬀraction patterns at 7 and 13
K. Figures 6.10 and 6.11 show the neutron diﬀraction patterns for the strongest
magnetic reﬂections, collected in 10 minutes (on D1B diﬀractometer) for R = Dy
and Lu compounds, respectively, at 7 and 13 K. For the measurement at 7 and 13
K, the sample was rapidly cooled from 30 K (cooling rate 3 K/min), and then data
collection was started. We have binned the data for every 10 minutes. In Figs. 6.10
and 6.11, we show data for three representative binning modules corresponding to
an eﬀective time gap of 10, 20, and 30 minutes, after the measurements were started
at the respective temperatures. It is evident that the magnetic Bragg peak does not
exhibit a time dependence. No observed reduction as well as no time dependence
in the intensity of the strongest magnetic Bragg peak (100) suggests that the SDW
structure is stable for the present rare earth substituted compounds.
The qualitative nature of the observed SDW structure for the present rare-earth
substituted compounds is same as that observed for the Fe-substituted compounds
Ca3 Co2−x Fex O6 (x = 0.2 and 0.4), discussed in Chapter 4. However, the characteristics of the observed SDW structure is very much diﬀerent from the reported PDA
structure for the compounds Ca3 CoRhO6 and Sr3 HoCrO6 . In the PDA structure
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Figure 6.10: Neutron diﬀraction patterns collected in 10 minutes for the compound
Ca2.75 Dy0.25 Co2 O6 after an eﬀective time gap of 10 (solid circle), 20 (open circle),
and 30 (star) minutes, after the measurement was started at (a) 13 K and (b) 7 K.
Only the strongest antiferromagnetic peak at Q ∼ 0.79 Å−1 is shown. The solid
lines are guides to the eye.
1/3 ferromagnetic spin chains (on a triangle) have spin up (+M ), 1/3 ferromagnetic
spin chains have spin down (-M ), and the remaining 1/3 are incoherent (disordered).
The resulting magnetic conﬁguration of the neighboring spin chains on a triangle
is (+M, -M, 0). Whereas, in the incommensurate SDW structure, the magnetic
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Figure 6.11: Neutron diﬀraction patterns collected in 10 minutes for the compound
Ca2.75 Lu0.25 Co2 O6 after an eﬀective time gap of 10 (solid circle), 20 (open circle),
and 30 (star) minutes, after the measurement was started at (a) 13 K and (b) 7 K.
Only the strongest antiferromagnetic peak at Q ∼ 0.79 Å−1 is shown. The solid
lines are guides to the eye.
conﬁguration of the neighboring spin chains (arranged on a triangle) is (+M, -M, 0)
at speciﬁc lattice points only (Fig. 6.7).
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Figure 6.12: Hysteresis loops for the compound Ca2.75 Dy0.25 Co2 O6 recorded at (a) 2
K and (b) 10 K. (c) The virgin magnetization curves recorded at 2 K(solid circles),
5 K (solid circles), and 10 K (open triangles).
6.3.3

Field Dependence of the Magnetization

Figures 6.12 and 6.13 show the M (H ) curves, with the ﬁeld up to 9 T, measured at various temperatures below TN , for the compounds Ca2.75 Dy0.25 Co2 O6 and
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Figure 6.13: Hysteresis loops for the compound Ca2.75 Lu0.25 Co2 O6 recorded at (a) 2
K and (b) 10 K. (c) The virgin magnetization curves recorded at 2 K(solid circles),
7 K (open circles), and 10 K (open triangles).
Ca2.75 Lu0.25 Co2 O6 , respectively. The virgin magnetization curves at various temperatures are shown in Figs. 6.12 (c) and 6.13 (c). M (H) curves were recorded
after cooling the sample from 300 K to measurement-temperature in the absence of
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a magnetic ﬁeld. At 2 K, the virgin magnetization (M ) varies linearly with ﬁeld
in small ﬁeld region for both compounds. A change in the slope of the magnetization has been observed at ∼ 1 T. At higher ﬁelds, the magnetization reaches a
distorted plateau. A further increase in magnetic ﬁeld results in a rounded shape of
the magnetization curves. For both compounds, the magnetization curves show a
clear hysteresis at 2 K. The saturation in the magnetization could not be observed
even under the magnetic ﬁelds as high as 9 T. At 10 K, M (H ) curves show the
distorted plateau in the low ﬁeld region (i.e. below ∼ 3 T) for both compounds.
At a higher ﬁeld, the rounded magnetization curves, are obtained. In the literature,
similar behavior of the ﬁeld dependent magnetization [M (H )] has been reported
for the parent compound Ca3 Co2 O6 [52, 55, 60], and by the author on the iron
substituted compounds Ca3 Co2−x Fex O6 [77]. Based on these previous studies, the
observed magnetization behavior can be related to diﬀerent ﬁeld-induced metamagnetic phase transitions in the present rare-earth substituted compounds. In the zero
ﬁeld neutron powder diﬀraction study (Sec 6.3.2), we have seen that the present
rare-earth substituted compounds order magnetically in an incommensurate SDW
structure with a propagation vector {0, 0, 1.02}. The observed change in the slope
of the magnetization at ∼ 1 T [Figs. 6.12(b) and 6.13(c)] indicates the presence of a
metamagnetic like phase transition, which can be ascribed to a transition from the
zero ﬁeld incommensurate spin density wave (SDW) structure to a commensurate
amplitude modulated structure (based on the results of the neutron diﬀraction study
for the compound Ca3 Co1.8 Fe0.2 O6 discussed in Chapter 5). The observed distorted
magnetization plateau (below ∼ 3 T) can be ascribed to the formation of a ferrimagnetic state (containing ferromagnetic Ising spin-chain with 2/3 chains having spin
up and the remaining 1/3 having spin down). The observed rounded magnetization
curves at higher ﬁelds (above ∼ 3.5 T) can be ascribed to a ferri-to-ferromagnetic
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transition.
Now we discuss the observed magnetization plateau for the present rare-earth
substituted compounds and compare it with that for the parent compound Ca3 Co2 O6 .
An important point to be noted here is that all M (H ) curves for the present rare
earth substituted compounds were measured on the polycrystalline samples. For the
parent compound Ca3 Co2 O6 , the M (H ) curves have been reported in the literature
for the polycrystalline [55, 77] as well as single crystals [57, 99]. In the single crystals
dc magnetization study (with H ∥c) at 10 K, a saturation of magnetization (M sat )
has been reported above ∼ 4.5 T [57]. However, for the polycrystalline sample, the
value of the magnetization at 10 K under an applied ﬁeld of 4.5 T is ∼ 1.9 µB /f.u.,
and it increases slowly with increasing the magnetic ﬁeld [77]. The magnetization
does not saturate even under an applied ﬁeld of 11 T [77]. The reported remarkable
diﬀerence in the behavior of the M (H ) curves for the polycrystalline and single
crystal samples, indicates the presence of a very strong magnetic anisotropy for the
parent compound Ca3 Co2 O6 . For the present rare earth substituted compounds,
the observed non-saturation of the magnetization at 2 K (even under 9 T ﬁeld) and
the distorted plateau could be due to the angular averaging in a powder sample
(for a single crystal sample, one could have observed magnetization plateau at M =
M sat /3, and then a jump to the saturation magnetization M sat at higher ﬁelds).

6.4

Summary and Conclusion

We have prepared single phasic polycrystalline samples of the spin-chain compounds
Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy). Rietveld reﬁnement of x-ray and neutron diﬀraction patterns conﬁrms that both compounds crystallize in the rhombohedral structure (space group R 3̄c) and the crystal structure contains one-dimensional chains
of alternating face-sharing CoO6 octahedra (with Co1) and (Co)O6 trigonal prisms
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(with Co2), running along the crystallographic c axis. For both compounds, high
temperature (in the paramagnetic region) magnetic susceptibility obeys the CurieWeiss law. The derived values of the paramagnetic Curie temperature (θp ) are 28.4
and 16.6 K for R = Lu and Dy, respectively. The positive value of θp indicates a
ferromagnetic nature of dominant exchange interaction. The observed decrease in
the value of the θp with rare-earth substitution (θp ∼ 30 K for Ca3 Co2 O6 ) indicates
a reduction in the dominant intrachain ferromagnetic interaction.
In the neutron diﬀraction patterns, additional Bragg peaks appear for both compounds below ∼ 16 K (T N ), indicating the onset of an antiferromagnetic ordering
of cobalt spin chains on the triangular lattice. The magnetic Bragg peaks (below T N ) can be indexed using the incommensurate propagation vector k = {0, 0,
1.02}. For both compounds, the reﬁnement yielded a zero ordered moment for the
18e site (where rare earth ions are located) indicating that the nature of magnetic
ordering is not aﬀected by the presence of magnetic ions between the chains for
the compounds Ca2.75 R 0.25 Co2 O6 . The magnetic structure corresponds to the SDW
structure, having c axis as direction of the moment and the modulation. For the
rare earth doped compounds, the reﬁned zero value of the ordered moment at the
OCT (6b) site conﬁrms that cobalt ions at the OCT sites remain in the 3+ oxidation
state. The reﬁned values of the maximum moment at the 6a site are same (∼ 4.2
µB ) for both compounds. For the parent compound Ca3 Co2 O6 , the reported value
of the maximum moment at the 6a site is ∼ 5.1 µB . The observed reduction in
the value of the maximum moment at the TP site for the rare-earth substituted
compounds, conﬁrms that the oxidation state of a fraction of the cobalt ions at
the TP site is reduced from Co3+ to Co2+ . The observed decrease in the value of
T N with rare-earth substitution (T N ∼ 25 K for Ca3 Co2 O6 ) indicates a reduction
in the value of positive ferromagnetic intrachain exchange interaction J, which is
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consistent from the structure studies, where a increase in the lattice constants, with
the substitution of the rare-earth ions, has been observed. No observed reduction
as well as no time dependence in the intensity of the strongest magnetic Bragg peak
(100) conﬁrms that the SDW structure is stabilized with the substituted of rareearth ions. 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 Ca3 Co2−x Fex O6 (x = 0.2 and 0.4), however, diﬀerent from that observed
for the parent compound Ca3 Co2 O6 .
In the ﬁeld dependent magnetization study, a distorted plateau (below ∼ 3 T)
in the M (H ) curves has been observed for both compounds, which has been ascribed to the formation of a ferrimagnetic state. The observed rounded shape of the
magnetization curves at higher ﬁelds has been ascribed to a ferri-to-ferromagnetic
transition.
The derived results in the present study are useful to understand the eﬀect
of electron doping on the magnetic properties of these spin-chain compounds. The
results would encourage the scientiﬁc community to extend the investigations for the
other compounds of A3 MX O6 family. Here it should be noted that these compounds
are highly anisotropic. The magnetization and neutron diﬀraction studies using
single crystal would be required to get more direct insight into the microscopic
nature of the magnetization curves at low temperatures.

Chapter 7
Summary and Conclusion
In this thesis, the structural and magnetic properties of the compounds Ca3 Co2 O6 ,
Ca3 Co2−x Fex O6 (x = 0.1, 0.2, 0.4, and 1.0), and Ca2.75 R 0.25 Co2 O6 (R = Lu and
Dy) have been studied as a function of temperature and applied magnetic ﬁeld. In
the compound Ca3 Co2 O6 , spin-chains are made up of alternating face sharing CoO6
octahedra (OCT) and CoO6 trigonal prisms (TP). These chains are arranged on a
triangular lattice in the ab plane and are separated by the Ca2+ ions. Due to the
crystalline electric ﬁelds, cobalt ions at the OCT (6b) site are in low-spin (S = 0)
state. The Co3+ spins at the TP sites have an Ising-like magnetic anisotropy and are
aligned along the crystallographic c axis. In the compounds Ca3 Co2−x Fex O6 (x =
0.1, 0.2, and 0.4), the Fe3+ spins have “Heisenberg” character in comparison to the
“Ising” character of the Co3+ spins. Therefore, spin chains in these Fe-substituted
compounds are made up of mixed Ising (Co3+ ) and Heisenberg (Fe3+ ) spins. In the
compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy), the substitution of rare earth-earth
(R 3+ ) ions at the Ca2+ site is expected to change the spin state of cobalt ions as well
the distance between the magnetic ions. In all these compounds, the ferromagnetic
(FM) intrachain and antiferromagnetic (AFM) interchain interactions, combined
with a triangular lattice arrangement of the spin chains give rise to a geometrical
frustration. Due to the presence of a geometrical frustration, a complex ground
state magnetic structure is expected in these compounds.
The polycrystalline samples of spin-chain oxides studied in the present thesis
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were prepared by the author using the solid state reaction method. Several experimental techniques were employed to investigate the structural and magnetic
properties of these compounds. The technique used in the present thesis are x-ray
and neutron diﬀraction, dc magnetization, and Mössbauer spectroscopy. The author
has used the Rietveld reﬁnement technique [38] to reﬁne the crystal structures, and
to determine the magnetic structures. Bertaut’s representation theory [75] has been
applied to identify the possible models of magnetic structures.
Prior to the present thesis work, only a few reports existed in the literature on the
magnetic properties of the compounds Ca3 Co2−x Fex O6 (x ≤ 0.1) based on the results
of the dc magnetization and Mössbauer spectroscopy studies [50, 64]. This led us
to make a systematic study on the the eﬀect of iron substitution on the structural
and magnetic properties of the compounds Ca3 Co2−x Fex O6 (0 ≤ x ≤ 1). The
Rietveld reﬁnement of x-ray and neutron diﬀraction patterns has conﬁrmed that the
compounds Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, and 0.4) crystallize in the rhombohedral
structure (space group R 3̄c). The Rietveld reﬁnement of neutron diﬀraction patterns
and Mössbauer study have conﬁrmed that the Fe3+ ions are located only at the TP
site. For the compound Ca3 CoFeO6 , the proﬁle matching reﬁnement of the x-ray
diﬀraction pattern has conﬁrmed a triclinic crystal structure (space group P 1̄ ). The
iron resides almost equally in two diﬀerent crystallographic sites and exhibits a very
high magnetic ordering temperature T N ∼ 500 K as evident from our Mössbauer
spectroscopy study. Both iron sites exhibit quadrupole interactions of almost equal
size; however, with opposite sign. The net magnetic interaction is antiferromagnetic.
Neutron powder diﬀraction technique has been used to study the nature of magnetic ordering in the compounds Ca3 Co2−x Fex O6 (x = 0, 0.2, and 0.4). In the ﬁrst
approximation, in zero magnetic ﬁeld, two diﬀerent commensurate magnetic structures, (i) amplitude-modulated structure with a propagation vector k = {0, 0, 1}
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and (ii) partially disordered antiferromagnetic (PDA) structure, have been proposed
for these compounds below their respective Néel temperatures (T N ∼ 25, 20, and
17 K, for x = 0, 0.2, and 0.4 compounds, respectively). The common point is that
magnetization in the unit cell is zero for both magnetic structures. The two magnetic structures are able to ﬁt the same neutron diﬀraction patterns because the
Fourier coeﬃcients for each solution only diﬀer in a global phase factor that cannot
be determined by the powder diﬀraction experiment. However, a detailed analysis
reveals that these compounds order magnetically (below T N ) in an incommensurate
spin density wave (SDW) structure, having a modulation and an alignment of the
spins along the crystallographic c axis.
For the parent compound Ca3 Co2 O6 , in addition to the magnetic Bragg peaks
corresponding to the SDW structure (below T N ∼ 25 K), a second set of magnetic
peaks corresponding to the commensurate antiferromagnetic (CAFM) structure has
been observed in the neutron diﬀraction patterns below ∼ 15 K. Moreover, the
magnetic Bragg peaks corresponding to the CAFM and SDW structures exhibit
a time dependence at some ﬁxed temperature below ∼ 14 K. For both magnetic
structures (the SDW and CAFM), a short-range ordering (SRO) coexists with a
long-range ordering (LRO). The ratio of the intensities contribution (in both SDW
and CAFM structures) of the LRO and SRO is 3:7 over 5 - 7 K and the ratio
decreases to 1: 9 at 1.5 K. The magnetic ground state is a coherent superposition of
the magnetic structures belonging to the propagation vectors k1 = {0, 0, 1.009(3)}
and k 2 = {0.5, 0.5, 0}.
The magnetic ground state for the Fe- substituted compounds (x = 0.2 and 0.4)
is an incommensurate spin density wave, with the propagation vector k = {0, 0,
1.0182(9)}. Further, a coexistence of short-range and long-range incommensurate
magnetic structures, below T N , has been observed. The relative contributions of
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the LRO and SRO in the magnetic Bragg peaks are in the ratio of 13:7 and 3:2 for
x = 0.2 and x = 0.4, respectively. This ratio remains unchanged down to 1.5 K for
both compounds, indicating that the volume fractions of the compound exhibiting
the short-range order and long-range order remain constant. The observed behavior
for the Fe- substituted compounds is very much diﬀerent from that observed in the
compound Ca3 Co2 O6 , where an increase in the volume fraction of the SRO has been
observed at low temperatures.
The eﬀect of an external magnetic ﬁeld on the nature of magnetic ordering in
the compounds Ca3 Co2−x Fex O6 (x = 0, 0.1, 0.2, and 0.4) has also been investigated. The values of intrachain and interchain exchange interactions for the compounds Ca3 Co2−x Fex O6 (x = 0.0, 0.1, 0.2, and 0.4) have been derived from the
dc-magnetization study. A decrease in the intrachain positive exchange constant J
and an increase in the interchain negative exchange constant J ′ have been observed
with the substitution of iron, which result in a deviation from “1D character”. An
indication of the presence of a ﬁeld induced transition from a ferri-to-ferromagnetic
state has been observed in the dc magnetization study. Neutron diﬀraction study
has been employed to measure the magnetic order in the compound Ca3 Co1.8 Fe0.2 O6 ,
as a function of applied magnetic ﬁeld and temperature. We have observed ﬁeld induced transitions, form the zero ﬁeld SDW structure to an amplitude modulated
(AM) structure, and then to a ferrimagnetic structure. Besides, the application of
a magnetic ﬁeld aﬀects the short-range magnetic ordering. In the applied magnetic
ﬁelds of 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.
Electron doping eﬀects on the structural and magnetic properties of the com-

Chapter 7.

Summary and Conclusion

223

pounds Ca3 Co2 O6 have been studied in the present thesis. Here the electron doping
has been performed with the substitution of rare earth (R 3+ ) ions at the Ca2+ site
in the compounds Ca2.75 R 0.25 Co2 O6 (R = Lu and Dy). The Rietveld reﬁnement
of x-ray and neutron diﬀraction patterns has conﬁrmed a single phase formation of
both compounds in the rhombohedral structure (space group R 3̄c). With the rareearth substitution, a decrease in the value of T N has been observed. This indicates
a reduction in the value of positive ferromagnetic intrachain exchange interaction J,
which is consistent with the structural studies, where an increase in the lattice constants with the substitution of the rare-earth ions, has been observed. The results of
the dc magnetic susceptibility and neutron diﬀraction studies have conﬁrmed that
extra electrons in these compounds are transferred to the cobalt ions at the TP site.
No time dependence in the intensity of the strongest magnetic Bragg peak (100) has
been observed. This conﬁrms that the SDW structure is stabilized with the substitution of rare-earth ions. The qualitative nature of the observed magnetic ground
states for the rare-earth substituted compounds Ca2.75 R 0.75 Co2 O6 is same as that
observed for the Fe-substituted compounds Ca3 Co2−x Fex O6 (x = 0.2 and 0.4), however, diﬀerent from that observed for the parent compound Ca3 Co2 O6 . In the ﬁeld
dependent magnetization study, signatures of the ﬁeld induced metamagnetic-like
phase transitions have been observed.
The magnetic properties of the spin-chain oxides studied in the present thesis
work, have been compared with that of the similar systems. 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 the either A3 MX O6 family (considered
in the present thesis work) or A′ B X 3 (where A′ is an alkali ion, B is a transition
metal ion, and X is a halide ion) [31–33] family. The compound CsCoCl3 [31, 32]
is one of the well studied compounds in the A′ BX 3 family. Unlike the compounds
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studied in the present thesis (where the intrachain interaction is ferromagnetic and
the interchain interaction is antiferromagnetic), both the intrachain and interchain
interactions in the compound CsCoCl3 are antiferromagnetic. This compound undergoes two successive magnetic phase transitions; one at 21 K and other at 9 K.
In the temperature range between 9 K and 21 K, the PDA state and, below 9 K, a
ferrimagnetic state have been reported [32]. In the literature, it was suggested that
magnetic phase diagram of the compound Ca3 Co2 O6 is similar to that reported for
the compound CsCoCl3 . In the present thesis work, PDA state has been observed
(in the ﬁrst approximation) for the parent compound Ca3 Co2 O6 and Fe-substituted
compounds Ca3 Co2−x Fex O6 (x = 0.2 and 0.4) below their respective Nèel temperatures [72]. However, a detailed analysis of the neutron diﬀraction pattern has shown
that the ground state magnetic structure of the compounds Ca3 Co2−x Fex O6 (x =
0.2 and 0.4) is SDW structure. Unlike CsCoCl3 , the transition to a ferrimagnetic
state has not been observed for the compounds Ca3 Co2−x Fex O6 (x = 0.2 and 0.4) at
low temperatures. For the parent compound Ca3 Co2 O6 , the magnetic ground state
is a coherent superposition of the magnetic structures belonging to the propagation
vectors k1 = {0, 0, 1.009(3)} and k 2 = {0.5, 0.5, 0}.
To conclude, the present thesis work emphasizes the role of intrachain and interchain interactions in tuning the magnetic properties of the quasi-one-dimensional
spin-chain oxides. The importance of magnetic geometrical frustration and local
anisotropy (Ising or Heisenberg) in the determining the magnetic ordering on the
triangular lattice Ising antiferromagnets has been brought out. The role of external
magnetic ﬁeld in tuning the magnetic properties of these spin-chain compound has
been highlighted. The derived results in the present thesis work are very helpful in
gaining a broader understanding of the physics of the observed magnetic behavior
in these spin-chain oxides and will help in designing the materials with predictable
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magnetic properties.
Scope of Future Study:
The work presented in this thesis provides a basis for many future research projects.
First of all, the time dependence of the magnetic Bragg peaks in the compound
Ca3 Co2 O6 has been observed for polycrystalline samples, the single crystal neutron
diﬀraction study will be useful to gain more insight about the nature of magnetic
ground state of this compound. Moreover, the eﬀect of an external magnetic ﬁeld on
the ground state as well as on the time dependencies of the magnetic Bragg peaks
can be investigated.
The eﬀect of pressure on the magnetic properties of polycrystalline Ca3 Co2 O6 has
been reported from the dc magnetization measurements [55, 111]. With an applied
pressure (up to 1.4 GPa) a linear increase in the T N , in all ﬁelds up to 5.0 T, has
been reported [111]. A ferrimagnetic phase is reported to be stabilized under pressure at low temperatures. The results have been ascribed to interchain bond-length
compression, which enhances the strength of antiferromagnetic interchain interactions. There is no report in the literature on the x-ray scattering (resonant/nonresonant) and neutron diﬀraction studies under pressure on polycrystalline as well
as single crystal of Ca3 Co2 O6 . These microscopic studies will be useful to quantify
the changes in the bond-lengths and bond-angles, which can modify the strength
of antiferromagnetic interchain interaction, with applied pressure. Moreover, the
eﬀect of an applied pressure on the magnetic ground state and the time dependence
of the magnetic structures can be investigated. Finally, a temperature-magnetic
ﬁeld-pressure phase diagram can be constructed by combing the results of these
studies.
It would be interesting to grow the single crystals of the compounds Ca3 Co2−x Fex O6
and Ca2.75 R 0.25 Co2 O6 (R = Dy and Lu), and carry out a single crystal neutron
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diﬀraction study under applied ﬁelds to gain more insight into the observed ﬁeldinduced phase transitions: (i) from the zero ﬁeld SDW to an AM structure , (ii)
from the AM to a ferromagnetic structure at higher ﬁeld, and (ii) then from the
ferrimagnetic to a ferromagnetic state at further higher ﬁelds. This study would be
useful to determine a reﬁned magnetic phase diagram of these iron and rare-earth
substituted compounds in the ﬁeld-temperature plane.
Recently Wang et al. [112] have synthesized the compound Sr3 Co2 O6 , isostructural to Ca3 Co2 O6 , crystallizing in the rhombohedral structure (space group R3̄c).
This compound also shows complex magnetic behavior, including 1/3 magnetization
plateau. Low temperature neutron diﬀraction and other microscopic measurements
are required to throw more light on the microscopic nature of spin-spin correlation
in the compound Sr3 Co2 O6 .
The M (H ) curves for the compound Ca3 Co2 O6 , at low temperatures (below
∼ 7 K), exhibit several steps whose origins are still a matter of debate. Several
models have been proposed to explain these steps : (i) the existence of metastable
states [113, 114], (ii) quantum tunneling of the magnetization [60, 99], and (iii) ﬁeldinduced spin state transitions [93]. Recently Mohapatra et al. [115] have synthesized
the nanoparticles of Ca3 Co2 O6 . The nanoparticles do not show multiple-step isothermal magnetization behavior as observed for the bulk compound. The other features
of the magnetization behavior (ordering temperature) remain same as that observed
for the bulk samples. Neutron diﬀraction experiments of these nanoparticles in zero
ﬁeld and under applied magnetic ﬁeld are required to understand the origin of the
magnetization steps observed in the bulk samples. Moubah et al. [116] have studied
the eﬀect of the ﬁlm thickness on the magnetization steps in Ca3 Co2 O6 ﬁlms. For
the ﬁlms with thickness below a critical value of about 60 nm, no magnetization
plateau was observed at 2 K. Polarized neutron reﬂectivity study of the magnetic
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structure of Ca3 Co2 O6 ﬁlms are required to ﬁnd out the origin of magnetization
steps in thicker ﬁlms. These studies will be helpful in developing the theoretical
models to describe the magnetization behavior in the bulk samples of Ca3 Co2 O6 .
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