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Abstract 

 

Multiferroics are systems in which more than one ferroic order simultaneously coexists. In this 

project, we investigated some potentially multiferroic Swedenborgite systems with general 

formulae ABM4O7.For this purpose we synthesized a series of polycrystalline sample of 

swedenborgites DyxCa(1-x)BaCo4O7 (x = 0 to 1) using solid state ceramic synthesis. Structural 

investigations of this series reveal that the as x changes from 0 to 1, the structure of the series 

changes from a less symmetric orthorhombic Pbn21 to a more symmetric hexagonal P63mc. 

Magnetisation measurements (ZFC-FC and MH) shows that the two end members of the series 

CaBaCo4O7 and DyBaCo4O7 have a ferrimagnetic and a spin-glass ground states respectively. For 

the compounds with (0.1 < x < 9) the MH curves at 2K shows a non-saturating spin glass like 

behaviour. The high paramagnetic contribution of Dy
3+

 species mask transitions in the Co 

sublattice, but an attempt have been made to understand the magnetic properties of some 

systems by subtracting its paramagnetic contribution. Careful ac-susceptibility measurements 

would be required to clearly establish the magnetic phase diagram in this series of compounds. 
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                                               Chapter 1: Introduction  
 
 

1.1) Multiferroics 
 
1.1.1) Introduction to Multiferroics 
 
The term multiferroics was first coined by Hans Schmid [1], and are systems in which more 
than 1 ferroic (Box 1) orders coexists within the same system. Magnetoelectric multiferroics 
are systems in which ferroelectric and (ferri, anti) ferromagnetic orders are present. In 
ferroelectric and ferromagnetic systems, spatial and time reversal symmetries (fig. 1.1) are 
broken respectively. Thus, in these Multiferroics, both spatial and time reversal symmetries 
are broken simultaneously. The fact that in these systems, ferroelectric (magnetic) order can 
be tuned using magnetic (electric) field make these systems technologically important, for 
example in the form of magnetoelectric sensors, 4-state logic etc [2][3]. 
 
 
Box 1: Glossary of terms 

Ferroics 

Ferroelectric - These are the systems with spontaneous electric polarisation P which is stable 
and switchable hysterically by an applied electric field E. 
Ferromagnetic - These are the systems with spontaneous magnetization M which is stable 
and switchable hysterically by an applied magnetic field H. 
Ferroelastic - These are the systems with spontaneous strain ϵ which is stable and switchable 
hysterically by an applied stress σ. 
 
 
 
 

 
 

Fig. 1.1) Time-reversal and spatial-inversion symmetry in ferroics, a) ferromagnets, b) 
ferroelectric and c) multiferroics.[3] 
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1.1.2)  The Magnetoelectric effect  
 
In general, Magnetoelectricity refers to the coupling between electric and magnetic orders 
present in a material [4]. The free energy of a material in the presence of electric field and 
magnetic field is given by the relation –  
 
F (E, H) = F0  - Pi

SEi  - Mi
SHi – ½ɸ0 ɸijEiEj – ½ʅ0 ʅijHiHj - αijEiHj - ½βijkEiHjHk - ½ɶijkHiEjEk  -----    (1.1) 

 
Here, E and H are the electric and magnetic field respectively. On differentiating it, we will 
get Polarisation (P) as  
 
                            Pi (E,H) = -∂F  = Pi

S + ɸ0 ɸijEj  + αijHj + ½βijkHjHk + ɶijkHiEj  ---------                      (1.2) 
                                              ∂Ei 
  
and magnetisation (M) as  
 
                            Mi (E, H) = -∂F  = Mi

S
  + ʅ0 ʅijHj + αijEi + βijkEiHj + ½ɶijkEjEk  --------                   (1.3) 

                                                ∂Hi 

 
Here, Ps and Ms are the spontaneous polarisation and magnetisation respectively, with ɸ and 
ʅ ďeiŶg the eleĐtriĐ aŶd ŵagŶetiĐ susĐeptiďilities. αij represents the coupling coefficient of 
the liŶear ME effeĐt aŶd βijk aŶd ɶijk are higher order coupling constants.  
 

 
1.1.3)  Types of Multiferroics 
 
In all these multiferroics, the origin of magnetic order arises due to a partially filled d or f, 
shell, but the origin of ferroelectric order can vary from one system to another (fig. 1.2). 
Based on the origin of ferroelectric order, multiferroics are typically divided into 2 main 
classes [5]: 
   
 
1.1.3.1)  Type-1 Multiferroics 
 
Type-1 Multiferroics have different origins for Ferromagnetic and Ferroelectric orders. Due 
to this, the coupling between these orderings is very low. In these multiferroics, the 
ordering of magnetic and ferroelectric orders typically occurs at 2 different temperatures, 
and generally the ferroelectric ordering temperature is higher than the magnetic ordering 
temperature. The magnitude of the observed electric polarisation P is of the order of 10-100 
ʅC Đŵ-2. The mechanism for ferroelectric orders can also vary within the type-1 
multiferroics, and some examples are as given below.      
  
 
1.1.3.1.1)  Ferroelectricity due to Off-Centre Shift 
 
In the multiferroic perovskite BaTiO3 [6], the body centred transition metal Ti4+ has a d0 
configuration. This empty d shell can be used to form a covalent bond with the surrounding  
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oxygen. The Ti4+ ion shifts from the centre of O6 octahedra to form a strong covalent bond 
with 1 (or 3) oxygen ions at the expense of weakening the covalent bonds with other 
oxygens [7].   
 
 
                                                                                                                                 Ba2+ 
                                                                                                       
                                                                                                                                 Ti4+ 
 
                                                                                                                                  O2- 
 
       
 
 
Fig. 1.2) represents the structure of BaTiO3. The arrow represents the formation of strong 
covalent bond with a preferred oxygen atom in the O6 octahedra. 
 

 
1.1.3.1.2)   Ferroelectricity due to the Lone Pair effect 
 
In multiferroic BiFeO3 [8], Bi3+ has 6s electrons which do not take part in the formation of 
bonds. These electrons are called lone pairs and they have high polarisability. The 
ferroelectric order in these compounds arises from the alignment of these lone pairs in a 
preferred direction [5, 7].   
 
                          

                                                                  
 
 

             Fig. 1.3) represents the origin of ferroelectricity in BiFeO3 [5]. 
 

 
1.1.3.1.3)   Ferroelectrity due to Charge Ordering 
 
Charge ordering can take place in any system due to bond ordering or site ordering. The 
spatial inversion symmetry of the system only breaks if both bond and site ordering are 
simultaneously present in the system (fig. 1.4). This will give rise the ferroelectric orders in 
the system. Multiferroicity, due to charge ordering is known to occur in the system LuFe2O4 
[9]. 
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1.1.3.1.4)  Ferroelectricity due to Geometry  
 
In the multiferroic YMnO3, the origin of ferroelectricity is due to the tilting of the whole 
bipyramidal MnO5 polyhedra [11]. This gives rise to the formation of more than 1 type of Y-
O bonds in YMnO3. This breaks the spatial symmetry of the crystal and gives rise to 
ferroelectric polarisation in this system. [11]       
                                                                                                                                                      

                                                          
 
                                        Fig. 1.5) represents the tilting of MnO5 polyhedra in YMnO3 [5] 
 
1.1.3.2) Type-2 Multiferroics 
 
In Type-2 multiferroics, ferroelectric order arises due to a particular type of magnetic 
ordering. This allows them to have a large coupling between these orders. Also, in these 
multiferroics both magnetic and ferroelectric ordering occurs at the same temperature. This 
coupling makes type-2 multiferroics more technologically important, but a huge drawback 
of these multiferroics is that they typically have an induced P of the order of 10-2 ʅC Đŵ-2. 
The important question of how a magnetic ordering gives rise to the ferroelectricity in these 
multiferroics is now reasonably well established.   
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Fig. 1.4) represents the origin of ferroelectric order 

due to charge ordering. a) Neutral chain, b) site-

centered charge ordering c) Bond centered charge 

ordering, d) Simultaneous presence of both bond 

and site charge ordering which breaks the spatial 

inversion symmetry making the structure non-

centrosymmetric [10].    



There are 2 main types of magnetic order responsible for breaking of inversion symmetry in 
the type-2 multiferroics. The first one is ferroelectricity due to spiral magnetic ordering like 
in the case of TbMnO3 [12, 13], Ni3V2O8 [14], TbMn2O5 [15], Cu3Nb2O8 [16] and 
ferroelectricity due to collinear magnetic order as in case of Ca3CoMnO6 [17].    
 
 
1.1.3.2.1    Ferroelectricity due to Spiral magnetic Ordering 
 
In a spiral configuration, magnetic spins vectors lies on a plane such that their components 
on the 2 perpendicular axis on the plane have a periodic variation along an arbitrary 
direction [18]. Let Si and Sj be two spins sitting at sites i and j. Let eij be a unit vector joining 
the sites i and j. A general expression relating the electric polarisation P and the spin 
rotation axis Si x Sj is given by [19]  
 

                                                       P ∝ ϒ eij x (Si x Sj)                                                        (1.4) 

 
Here ϒ is a constant which depends on the magnitude of the superexchange interaction and 
the spin orbit coupling [18, 19].    
Based on the directions of eij and Si x Sj, these spiral configurations can be subdivided as 
sinusoidal, screw, cycloidal and conical (fig. 1.6). From the equation it is clear that there will 
be a finite polarisation if both the spin rotation axis Si x Sj and the unit vector eij are finite 
and are not parallel to each other. This condition is satisfied in case of non-collinear 
cycloidal and conical spirals. In the multiferroics TbMnO3 [12,13,19] and Ni3V2O8 [14,19], the 
ferroelectric polarisation arises due to cycloidal magnetic ordering and in all these cases 
spatial inversion symmetry is broken due to spiral ordering.   
 

 
 
 
Fig. 1.6) represents the different forms of spiral magnetic ordering. a) Sinusoidal, b) Screw, c) 
cycloidal and d-e) Conical [18] 
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1.1.3.2.2)  Ferroelectricity due to collinear magnetic orders 
 
Collinear magnetic ordering refers to the alignment of magnetic moments along a particular 
axis. Ferroelectricity in these systems can be explained using a very simple model of 
frustrated chain with competing ferromagnetic (FM) and anti-ferromagnetic (AFM) 
interactions. In an Ising Chain in which the spins can either take up or down state with FM 
nearest neighbour interaction and AFM next nearest interaction, the magnetic ground state 
is made up of up-up-down-down (           ) arrangements of spins (fig. 1.7). The exchange 
striction between FM and AFM alignment causes shortening and stretching of bonds 
respectively. In a 1D chain of magnetic ions, in which magnetic ions say M1 and M2 are 
arranged alternatively (M1-M2-M1-M2) and M1 is positively charged with respect to M2 (+ - 
+ -). This ordering together with the smaller and larger bond length due to FM and AFM 
interactions will lead to the breaking of inversion symmetry in this type of system resulting 
in the generation of ferroelectricity [20]. 
 

                           
          
Fig. 1.7) shows the induced polarisation due to nearest neighbour FM and next nearest 
neighbour AFM interaction, Here both the (red and blue) species have different charge 
states. 
 
This type of ferroelectricity is known to occur in the multiferroic Ca3CoMnO6 [17, 21]. It 
consists of the chains of Co2+ - Mn4+ - Co2+ - Mn4+ with (               )  spin configurations (fig. 
1.8). 
     

 
 
 
Fig. 1.8) indicates the induced polarisation due to the collinear magnetic arrangement of 
Co2+ and Mn4+ ions in Ca3CoMnO6 [17].    
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One of the current challenges for researchers is to design a room temperature multiferroic 
which has a polarisation magnitude as large as a Type-1 and a coupling as large as Type-2 
multiferroic. In this project, we have investigated potentially multiferroic Swedenborgite 
systems. The following section on Swedenborgites focuses on answering the questions: 
What are Swedenborgites, why we should study them and what makes them potentially 
multiferroic? 

 
 
1.2) Swedenborgites 

 
1.2.1) History 
 
Swedenborgite is a metal oxide mineral with chemical formulae SbNaBe4O7. It was 
discovered in the year 1924 in Sweden and named after a Swedish philosopher Emanual 
Swedenborg. It has a P63mc hexagonal symmetry. In this compound, the coordination 
number of Sb and Be is 6 (Octahedral) and 4 (Tetrahedral) respectively. The coordination 
number of Na varies from 6 to 12. LuBaZn3AlO7 is the first representative of a large family 
Đalled as ͞ϭϭϰ͟ oǆides disĐoǀered ďǇ Muller-Buschbaum et al. [22]. This compound has the 
same structure as SbNaBe4O7.  
 
In 2002, Martin Valldor and Magnus Andersson published their study of the structure and 
properties of single crystal and powdered YBaCo4O7 [23]. In 2004, Matin Valldor published 
his studies on disordered magnetism in the series YBaCo4-xZnxO7 (x = 0, 1, 2, 3) [24]. The 
attention of the scientific community grew towards Swedenborgites when Matin Valldor in 
2004 successfully synthesised and analysed the structural properties of a series of 
compounds with formula RBaX4O7 (R = Ca, Y, In, Dy-Lu, X = Co, Al, Zn, Fe) [25]. The system 
becomes interesting, when magnetic ions like Fe and Co are substituted in place of Be. This 
allows the formation of alternate stacking of geometrically frustrated Kagome and 
Triangular layers in RBaX4O7. The following discussion explains the ground state degeneracy 
of triangular and kagome layers using Heisenberg and Ising spin models. The content of the 
next section 1.2.2 has been adopted from the Inaugral Dissertation of Stefan Buhrandt: 
University of Cologne [26]. 
 
 

1.2.2) Heisenberg and Ising spin models of triangular and kagome lattice 
 
1.2.2.1) Triangular Lattice 
 
A triangular lattice as shown in fig. 1.10a consists of edge sharing triangles. For the 
Heisenberg spin with antiferromagnetic nearest neighbour interaction in the lattice, the 
Hamiltonian (H) [26] is given by  
 

                                                                  H = J ∑ “i Sj                                                                                         (1.5) 
                                                                              i,j 
 
Here <i,j> denotes the pair of nearest neighbours and J > 0 represents the antiferromagnetic 
interaction. The equation (1.5) can be written in the form as                                     
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                                     H = ;J/ϮͿ ∑ ;“1 + S2 + S3   )2 + constant                                         (1.6) 

 
 
Here S1, S2, S3 represents 3 spins in the triangle      and the sum runs over all the triangles. 
From equation 1.6, it is clear that we will have a ground state if the sum of the spins in all 
triangles becomes zero. 
                                    
                                             S1 + S2 + S3 = 0                                                             (1.7) 

 

 
This is possible if in all triangles the spins are arranged at 120° angles with respect to each 
other as shown in fig. 1.10b. If the spins are fixed in one of the triangle and because of the 
edge sharing the neighbouring triangles will share 2 spins and as per the equation 1.7 the 
neighbouring triangles will have a fixed arrangement of the spins. Following the same 
argument, there will only be a fixed arrangement of the spins throughout the lattice and 
thus the ground state will be unique. 
    

a)                                                                                    b) 
 
 
 
 
                                                                                                                                                                 
 
 
 
 
Fig. 1.10) (a) A typical Triangular lattice with edge sharing triangles b) Spin arrangements for 
the ground state of a triangle as per Heisenberg spins with antiferromagnetic next neighbour 
interaction (J > 0). All the spins equally share the frustration by aligning themselves at an 
angle of 120° with respect to each other [26]. 
 
 
If we consider the Ising spins (σ) in place of Heisenberg spins S, the H for this situation is 
given by  
 

                                    H = ;J/ϮͿ ∑ ;σ 1 + σ 2 + σ 3  )2 + constant                                  (1.8)   
                       
 
In the Ising model all individual σ must be either + 1 or -1. As a consequence the sum of the 
spins in any triangle must be +1 (eq. 1.9). 
                                                                  

                                                     σ 1 + σ 2 + σ 3  = + 1                                                                (1.9) 
 
After fixing the spins in one triangle in this configuration, the edge sharing neighbouring 
triangles can have more than one configuration after satisfying equation 1.9 one as shown 
in fig. 1.11. As a consequence of this, we will have a huge degeneracy in the ground state  
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which suppresses any specific ordering in the system. This system is an example of a spin 
glass. 

 
 

 
 
 
 
 
 
 
 
 
Fig. 11) represents two different arrangements of the Ising spin in the neighbouring triangles 
of the triangular lattice. Both the arrangements satisfy the equation 1.9. Even after fixing 
the spin arrangement of upper triangle, the spin at lower triangle can arrange itself in 2 
ways. [26]  
 
 
1.2.2.2) Kagome lattice   
 
We can get a kagome lattice as shown in fig. 1.12a [26] from a triangular lattice by removing 
one third of the lattice sites from it. Kagome lattice consists of corner sharing triangles 
rather than edge sharing in triangular lattice. This is an important factor while considering 
the ground state degeneracy of the kagome lattice.  
  
 

                                                                                                    
 
Fig. 1.12) (a) representation of kagome layer in 2D, (b) the degenerate ground states of a 
corner sharing neighbouring triangles of Kagome layer [26]. 
  
For the Heisenberg spins in kagome lattice, the ground state is calculated similar to the 
triangular case and will follow the equations 1.6 and 1.7. But the situation here is different 
because the neighbouring triangles share only one corner spin. If the spins in one triangle 
are fixed with 120° configuration, the other two non-mutual spins of the neighbouring 
triangle do not have a fixed configuration. These two spins can choose any configuration 
(fig. 1.12b) in the rotating axis defined by the corner sharing spin. This allows the spin-plane 
for the neighbouring triangle to be different, resulting in the macroscopic ground state 
degeneracy. 
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The similar analysis will be followed by the Ising spins in the kagome lattice. The system will 
only be constrained by the equations 1.8 and 1.9. The ground state degeneracy will be 
greater than the triangular case because the neighbouring triangles are less connected than 
the triangular lattice. 
Stefan Buhrandt has studied the Swedenborgite lattice using both classical Heisenberg and 
antiferromagnetic Ising spins [27, 28]. Using Heisenberg model he showed the 
swedenborgites of the form RBaCo4O7 (R = rare earth) will display spin-liquid behaviour and 
entropic order by disorder phenomenon. 
 
 
1.2.3) Structure and Properties of Swedenborgites 
 
After the discovery of whole new series of compounds by Matin Valldor [25], the structure 
and properties of Swedenborgites have been the subject of extensive studies [29-62]. All 
these investigations confirm the exotic nature of Swdenborgites. Some interesting 
observations include the identification of a structural phase transition in REBaCo4O7 [38], 
the confirmation of a spin glass phase in YBaFe4O7 [36], and the observation of a 
ferrimagnetic ground state of CaBaCo4O7 [41-55]. Table 1.1 consists of the examples of 
Swedenborgites with their respective space group and symmetry at room temperature.  
 
 
 

Table 1.1  

Swedenborgite  Space group and symmetry 

RBaCo4O7 (R = Ho, Dy, Er, Tm, Yb, Lu) Hexgonal P63mc [25], or trigonal P31c [58] 

CaBaCo4O7 Orthorhombhic Pbn21 [41] 

RBaFe4O7 (R = Dy, Ho, Er, Yb, Lu, Y) Cubic F-43m [39] 

RBaFe4O7 (R = Gd, Tb, Ca) Hexgonal P63mc [39, 36]  

   
 
 
In broad sense we can divide the structure of swedenborgites into 3 main categories - 
hexagonal P63mc, cubic F-43m and Orthorhombic Pbn21. All of these structures consists of 
tetrahedral framework of corner sharing ͞MO4͟ (M = Co, Fe, Al, Zn etc) which gives rise to 
the formation of kagome and triangular layers. To understand the difference in the 
structure we will first start with the simplest hexagonal P63mc structures. The other two 
structures can be understood by simple modification of this structure. CaBaCo4O7 and 
DyBaCo4O7 are crucial components of this thesis and so in the last part of this section I have 
discussed the properties of CaBaCo4O7 and DyBaCo4O7. 
 
 
1.2.3.1) Hexagonal P63mc structure 
 
Apart from the arrangement of the CoO4 tetrahedron as mentioned above, it consists of 
Đlose paĐkiŶg of ͞O4͟ aŶd ͞BaO4͟ laǇers forŵiŶg a heǆagoŶal ͞ABCB͟ Đlose paĐked struĐture 
(fig. 1.13).  
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Fig. 13) (a) Structure of Hexgonal P63mc cobaltites RBaCo4O7 (R = Ho, Dy, Er, Tm, Yb, Lu), 
here Co1 and Co2 represents CoO4 tetraheda forming kagome layer and triangular layers 
respectively [58], (b) Alternate “taĐkiŶg of the ͞O4͟ aŶd ͞BaO4͟ laǇeƌ iŶ ͞ABCB͟ fashioŶ 
which leads to the formation of a hexagonal close packed structure [60].    
 
 
1.2.3.2)  Cubic Structure 
 
Ferrites of the form RBaFe4O7 (R = Dy, Ho, Er, Yb, Lu, Y) shows cubic structure (fig. 1.14a). It 
consists of FeO4 tetrahedral framework similar to the CoO4 tetrahedral in RBaCo4O7 

described above. In cubic ferrites, the staĐkiŶg of ͞O4͟ aŶd ͞BaO4͟ laǇers is iŶ ͞ABC͟ (fig. 
1.14b) fashioŶ rather thaŶ ͞ABCB͟ as iŶ the hexagonal case [39, 60]. 
 

a)                                                                                   b) 

                     
Fig. 1.14 a) shows the cubic structure of the ferrite YBaFe4O7 [60΁, ďͿ staĐkiŶg of ͞O4͟ aŶd 
͞BaO4͟ laǇeƌs is iŶ ͞ABC͟ fashioŶ ΀6Ϭ]. 
 
 
1.2.3.3) Orthorhombic Pbn21 structure 
 
In the case of hexagonal P63mc structure, the plane of triangular and kagome layers remain 
parallel to each other. The structure of orthorhombic Pbn21 differs from P63mc because of 
the strong buckling of the kagome layers. As a consequence, the M ions on kagome layers 
do not remain in one single plane. Also the kagome and triangular layers do not remain 
parallel. This leads to the formation of orthorhombic structure like in CaBaCo4O7 (fig. 1.15)    
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Triangular layer 

Kagomer layer 



                                                         
 
 Fig. 1.15) shows the structure of orthorhombic Pbn21 CaBaCo4O7 with the buckling of 
kagome layers along a and b-axis [42].  
  

 
1.2.4) CaBaCo4O7  
 
1.2.4.1) what makes CaBaCo4O7 diffeƌeŶt fƌoŵ otheƌ ͞ϭϭϰ͟ cobaltites of the form RBaCo4O7? 
 
The crystal structure of CaBaCo4O7 is as described in previous section. The projection of the 
crystal structural of CaBaCo4O7 along a and b axis is shown in fig. 1.15 [42].The structure of 
CaBaCo4O7 is orthorhombic Pbn21 in the whole temperature range of 4 – 300K [42], in 
contrast to the most of the RBaCo4O7 [40, 57, 61] as they generally show a structural 
transition from high temperature hexagonal (H) P63mc to low temperature orthorhombic 

(O) Pbn21 symmetry. In this transition, cell parameters changes as ao ≈ aH ≈ 6.ϯ Å, ďO ≈ aH   
≈ ϭϭ Å and co ≈ ĐH ≈ ϭϬ.Ϯ Å [42]. The distortion of hexagonal symmetry leads to the 
orthorhombic symmetry. This distortion (D) is quantified by the formulae- 
 

                                                      D = ((b/  ) -a)/a                                                (1.10) 
 
Here a, b represents the lattice parameters of orthorhombic symmetry. An ideal hexagonal 

cell have D = 0, because b =   a. The amplitude of D found in CaBaCo4O7 is largest among 
the ͞ϭϭϰ͟ faŵily [41, 42]. The x-ray and neutron diffraction studies of CaBaCo4O7 reveals 
that Co occupies 4 crystallographic sites (Co1, Co2, Co3 and Co4) in space group Pbn21 and 
in contrast to the spin glass  behaviour of geometrical frustrated YBaCo4O7 [23], it exhibits 
an ordered ferrimagnetic ground state [41, 42]. This different behaviour of 
CaBaCo4O7 froŵ other ͞ϭϭϰ͟ Đoďaltites is attributed to 3 reasons, (i) the buckling of Kagome 
layer lifts the geometrical frustration of the system, (ii) the Co shows charge ordering in 4 
crystallographic sites [42] and (iii) The 1:1 ratio of Co3+:Co2+, which is 3:1 in case of 
RBaCo4O7 (R = RE, Y) [61].  
 
1.2.4.2) Multiferroic behaviour of CaBaCo4O7 
 
Out of 122 Shubinikov – Heesch point groups, there are 13 point groups which allow both 
spontaneous polarisation and magnetisation [1]. The ferrimagnetic state of CaBaCo4O7 has 
ŵ’ŵϮ’ symmetry [47], which belongs to one of these 13 point groups. In 2012, K. Singh et al  
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reported the multiferroic behaviour of CaBaCo4O7 [47]. They observed that dielectric 
measurements of ɸ’ and tan ɷ shows a peak that coincides with the magnetic transition 
temperature Tc = 70K (fig. 1.17a and 1.17b). They measured a 16% change in the magneto-
dielectric measurements at temperature 62 K under an applied field of 14 T (fig 1.17c). 
Dielectric measurements (fig. 1.17d) under different applied magnetic field confirmed the 
magnetic origin of polarisation. This work motivated a single crystal study of CaBaCo4O7 and 
in 2013, V. Caignaert et al. investigated the properties of a single crystalline specimen. The 
geometry of crystal allowed them to measure the P along the c-axis. In this geometry the 
formulae for P as per the equation 1.2 reduces to  
 

                         Pc = α32Hb + ;β311Ha
2

 +  β322Hb
2 +  β333Hc

2
 )/2                             (1.11)    

 
                                                                                                  

a)                                                                                 c) 

                                      
 

b)                                                                                 d)      

          
 
Fig. 1.17) (a) T dependence of M of CaBaCo4O7 with a Tc = 70 K, (b) T depeŶdeŶĐe of ɸ’ aŶd 
taŶ ɷ, shoǁiŶg that peaks of ɸ’ aŶd taŶ ɷ ĐoiŶĐides ǁith Tc, (c) the measure of 
ŵagŶetodieleĐtƌiĐ effeĐt ;Δ ɸ’/ ɸ’, Δ ɸ’ = Δ ɸ’ ;HͿ - Δ ɸ’;H=ϬͿͿ as a fuŶĐtioŶ of ŵagŶetiĐ field at 
diffeƌeŶt Teŵpeƌatuƌes, ;dͿ T depeŶdeŶĐe of ɸ’ as a fuŶĐtioŶ of H[47].      
 
 
and since the magnetisation is measured along b-axis, the H is applied along the b-axis. Thus 
eq. further reduces to    
 

                                                 Pc = α32Hb + β322Hb
2/2                                            (1.12) 
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Using this geometry they measured the magnetic field dependence of polarisation and 
oďserǀed the highest ŵagŶetiĐallǇ iŶduĐed ĐhaŶge iŶ polarisatioŶ of ΔP = ϭ7ŵC/ŵ2 [54] at 
10 K. 

                                               
Fig. 1.ϭ8Ϳ The MagŶetiĐ field depeŶdeŶĐe of ĐhaŶge iŶ eleĐtƌiĐ polaƌisatioŶ ;ΔPͿ at diffeƌeŶt 
teŵpeƌatuƌes. The ŵeasuƌeŵeŶts ;ΔPͿ aƌe doŶe aloŶg the c-axis. Magnetic field is applied 
along b-axis [54].     

 
1.2.5) DyBaCo4O7 

 
In earlier studies, DyBaCo4O7 has been reported to have a hexagonal P63mc symmetry [25]. 
In another report [56], the structure was also solved using space group P31c but for 
DyBaCo4O7 they did not get lower residuals than P63mc. The structure of DyBaCo4O7 is 
similar to the P63mc structure discussed in the section 1.2.3. In contrast to the structural 
transition shown by RBaCo4O7 (R = Ho, Er, Tm, Yb, and Lu), DyBaCo4O7 did not show any 
structural transition in the temperature range of 5 – 300K [38].  
 
The magnetic and dielectric properties of DyBaCo4O7 are not fully explored. The expected 
behaviour of DyBaCo4O7 could be similar to the compounds like RBaCo4O7 and RBaFe4O7 for 
the rare earth R = Tb and Ho, which are close to Dy in the periodic table. The case of Fe is 
important if the magnetic properties are influenced by the charge ordering. In the single 
crystal study of done by R. Szymczak [62], they found that TbBaCo4O7 crystallises in space 
group P63mc and  does not have a long range magnetic ordering down to 5K. They also 
found that a ǁeak ferroŵagŶetiĐ orderiŶg ĐaŶ ďe iŶduĐed ďǇ the appliĐatioŶ of H ≈ ϯT aloŶg 
c-axis (fig. 1.19). 
 

                                                
Fig 1.19) represents a weak ferromagnetic ordering along c-aǆis at H ≈ ϯT ΀62] in TbBaCo4O7. 
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In contrast to the hexagonal P63mc space group of TbBaCo4O7, HoBaFe4O7 have a cubic 
structure and shows a  show a spin glass behaviour with a Tg ≈ ϱϬK  ;fig.ϭ.ϮϬͿ ΀39]. 
 
 

                                     
 
Fig. 1.20) (a) represents the χ’ ǀs T measurements for HoBaFe4O7, (b) represents the 
depeŶdeŶĐe of χ’ at fƌeƋueŶĐies of ϭϬϬHz, ϭKHz aŶd ϭϬϬKHz afteƌ the suďtƌaĐtioŶ of the 
paramagnetic contribution of Ho3+ [59]. 

 
1.1.4) Plan of the thesis and motivation for present work 
 
The aim of present work is motivated by the fact that Swedenborgites are geometrical 
frustrated systems and that they also stabilise in the non-centrosymmetric space groups like 
Pbn21, P63mc and P31c, which makes them suitable candidates for the existence of 
multiferroicity. Also the structural and properties of swedenborgites (RBaCo4O7) hugely 
depends upon the average charge states of Co ions. In this project I have investigated 
polycrystalline samples of DyxCa(1-x)BaCo4O7 series. In this series the average charge state of 
Co varies from +2.5 to +2.25 as x changes from 0 to 1. The aim of this project is to 
investigate the structural and magnetic/dielectric properties of these potentially 
multiferroic Swedenborgite systems.      
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Chapter 2: Methods 

 
2.1 Sample Preparation 
 
All the polycrystalline samples described in this report were synthesised using Solid State 
Synthesis method [63]. Stoichiometric amounts of high purity oxides and carbonates were 
thoroughly mixed using mortar and pestle. Typically 2-3 heat treatments varying from 24-48 
hours in the temperature range of 900°C to 1100°C with intermediate grindings were given. 
All the samples were pelletised before the final treatments and also quenched down to 
room temperature. The details of the heat treatments for the synthesis of series DyxCa(1-

x)BaCo4O7 is given in the table 2.1. 
 

  Table 2.1   

Sno. Name of the Compounds Treatment 1  Treatment 2 Treatment 3 
1 DyxCa(1-x)BaCo4O7 : x = 0 to 

Ϭ.ϱ for Δǆ = Ϭ.ϭ 
900°C 1000°C 1050°C 

2 DyxCa(1-x)BaCo4O7 : x = 0.5 to 
ϭ for Δǆ = Ϭ.ϭ 

900°C 1000°C 1100°C 

        
 

2.2 Structural analysis of the X-Ray Diffraction data 
 
In this project, X-Ray diffraction (XRD) patterns for all the samples (DyxCa(1-x)BaCo4O7) were 
measured using a CuKα radiatioŶ ;ʄ ≈ ϭ.ϱϰ0600Å). Patterns were calculated for raŶge of Ϯθ 
from 10° to 80°. The step size for each measurement was 0.01°. The peaks in the XRD 
pattern represent different planes defined by Miller indices (h, k, l) values of the planes. The 
analysis of powder diffraction data is done by using Reitveld method [64]. This method is 
based upon the minimisation of a quantity called residual Sy using least square method [64]. 
Sy is defined as: 
 

                                                      Sy = ∑ ǁi(yi - yci)
2                                                                                           (2.1) 

                                                                           i 

here, wi =  1/yi, 
           yi =   observed intensity at ith step,  
           yci = calculated intensity at ith step, and  
           ∑ ruŶs over all the data points. 
 
The calculated intensity (yci) is calculated using the formulae [64]: 
 

                                yci = s ∑Lk |Fk|
2Ø;Ϯ θi - Ϯθk)PkA + ybi                                                 (2.2) 

 
here, s is the scale factor, 
          K represents the Miller indices (h, k, l) for a Bragg reflection,  
          Lk contains the Lorentz, Polarisation and the multiplicity factor, 
          Ø represents the reflection profile function, 
          Pk is the preferred orientation, 
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          A is the absorption factor, 
          Fk is the structure factor for the kth Bragg reflection and  
          ybi is the background intensity at the ith step. 
 
To understand whether the fit has reached true global or false minima, various 
mathematical criteria are defined called as R-values. Some of the most commonly used R-
values are 
 
R-structure factor (RF)   =         ∑|(Ik(obs))1/2  - (Ik(cal))1/2|                                                         (2.3) 
                                                                     ∑(Ik(obs))1/2    
 
R-Bragg factor (RB)        =                  ∑|Ik(obs)  - Ik(cal)|                                                               (2.4) 
                                                                       ∑Ik(obs) 
 
R-Pattern (RP)                   =                ∑|yi(obs) – yi(cal)|                                                              (2.5) 
                                                                     ∑ yi(obs) 
                                                                                                     2 

R-weighted patten (RWP) =           ∑wi(yi(obs) – yi(cal))2                                                                       (2.6) 
                                                                   ∑ǁi(yi(obs)2 
 
 
R-expected (RE)                =        [(N-PͿ/∑wiyoi]

1/2                                                                           (2.7) 
 
Here, Ik represents the intensity calculated after the refinement cycle at the kth Bragg 
reflection, N and P represents number of observations and parameters refined respectively. 
The goodness of fit indicator S is  
 
                                                 S   =  Sy/(N-P)1/2 = RWP/RE                                                        (2.8) 
 
A satisfactory fit should have an S value equal to or less than 1.3 [64]. Reitveld refinement is 
a powerfull technique because it is able to distinguish between overlapping of the peaks in 
the powder X-ray and neutron diffraction patterns. But one needs to have a reasonably 
good starting model to avoid the convergence of the profile into false minima. In this project 
Fullprof software is used for Rietveld analysis [65].  

 
 
2.3 Magnetisation measurements 
 
Bulk magnetisation measurements were performed using an Quantum Design Magnetic 
Properties Measurement System (MPMS) XL magnetometer [66]. A non-magnetic capsule 
and straw are used as sample holder (fig. 2.1a). First the capsule filled with small (2-80mg) 
amount of powdered sample and it is placed inside the straw. Kapton tape is used to hold 
the sample tightly. This holder is attached to sample rod and inserted into the sample 
chamber such that the sample lies in within the region of measurement of the 
superconducting pick-up coils (fig. 2.1b).  
 
 
 

24 



 
 
A magnetic field is applied such that pick-up coil can detect the induced magnetic moment  
of the sample. Based on the sample position (z), SQUID generates a Voltage response. It is 
utilised for the centring of the sample such that all 4 pick-up coils sense the magnetic 
moments of the sample [67].  The movement of the sample produces a current proportional 
to the magnetic moment of the sample in the superconducting pickup coils. The change in 
currents produces magnetic field near SQUID which acts as a magnetic flux to voltage 
converter and produces a voltage signal corresponding to the magnetic movement of the 
sample. 
 
In this project, DC magnetisation measurements were used to measure the Zero Field 
Cooled (ZFC) and Field Cooled (FC) modes. In ZFC and FC modes, samples were cooled down 
to 2K without and with a measuring field respectively. Measurements were performed 
during warming from 2 – 300K in both the modes. Isothermal magnetisation measurements 
were performed for all the samples at 2 and 300 K for an applied field of range -7T to 7T.               
 

a)                                                                                   b) 

                                                                                                               
 
               
Fig. 2.2) (a) sample holder made up of plastic straw and capsule, (b) A vertical view of the 
sample holder and its position relative to the 4 superconducting coils [68].  
             
  

2.4 Dielectric Measurements 
 
A dielectric material can be electrically polarised by placing it in an electric field. For a 
parallel plate geometry, dielectric constant ;ɸr) of the material is related to its capacitance 
(C) as- 
 
                                                                   C =  ɸrɸ0A                                                                        (2.9) 
                                                                             d 
 
here, A aŶd d are the surfaĐe area aŶd thiĐkŶess of the saŵple respeĐtiǀelǇ, ɸ0 represents  
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the electrical permittivity of the free space (8.85 x 10-12 Fm-1). For a sample with known  
dimensions, ǁe ĐaŶ ŵeasure the dieleĐtriĐ ĐoŶstaŶt ;ɸr) by measuring the capacitance of the 
material using the above equation.  
In this project all the dielectric measurements were performed in a closed cycle refrigerator 
(CCR), in the temperatures range of 15K - 300 K.  The capacitance of the sample is measured 
by using a Novacontrol Alpha A frequency analyser. This analyser has operating frequency 
range of 3 ʅHz to ϮϬ MHz aŶd aŶ impedance range – 0.01 to 1014 Ω. A sample holder made 
up of copper in which a thin (thickness < 1.5mm) cylindrical shaped and flat surface pellet of 
the sample is inserted. The sample is sandwiched in between the + and – electrodes of the 
sample holder (fig. 2.3a) and the impedance (Z) of the sample is measured using the 
frequency analyser.  
 
 

a)                                                                                       b)         
                                                             
 
                                                                 + electrode 
                                                                                                              V+          I+               I-         V-  
                                                                    sample 
                                                                  
                                                                    - electrode                                  
 
 
 
Fig. 2.3) (a) represents the parallal plat geometry and (b) represents a circuit diagram of the 
setup. 
 
 
IŶ this projeĐt dieleĐtriĐ ĐoŶstaŶt ;ɸ’Ϳ aŶd dieleĐtriĐ loss ;taŶɷͿ are ŵeasured as a fuŶĐtioŶ of 
temperature which ranges from 15K to 280K with a sweeping rate of 0.5-3K. First the 
saŵple is Đooled doǁŶ to the ŵiŶiŵuŵ possiďle teŵperature ;≈ ϭϱKͿ aŶd ŵeasureŵeŶts 
are done during warming. Depending upon the signal strength of the sample, 
measurements were performed for frequencies 1 KHz, 10 KHz or 100 KHz.       
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Chapter 3: Results and Analysis 
 

 

3.1) X-Ray powder diffraction and Rietveld Refinements   
 
3.1.1) CaBaCo4O7 and DyBaCo4O7 
 
The XRD patterns of CaBaCo4O7 and DyBaCo4O7, shows that both these samples have single 
phase, and no impurity peaks were observed. Rietveld Refinement of the XRD data (fig 3.1) 
confirms the formation of CaBaCo4O7 in the orthorhombic Pbn21 symmetry with lattice 
constants a = 6.2776(1) Å, b = 10.9900(8) Å and c = 10.1754(6) Å. The DyBaCo4O7 specimen is 
seen to crystallise in the hexagonal P63mc symmetry with lattice constants a = 6.3115(2) Å, b = 
6.3115(2) Å and c = 10.2412(7) Å. The goodness of fit S values as determined from Rietveld 
Refinement for CaBaCo4O7 and DyBaCo4O7 are 1.24 and 1.35 respectively. All these results are 
in good agreement with the previous reports [41], [42], [44],[25].    
 

      

  
Fig 3.1) (a) and (b) represents Rietveld analysis of the XRD data of CaBaCo4O7 and DyBaCo4O7 

respectively. Red and Black lines represent the experimental and calculated patterns 

respectively. The Blue line represents the difference between the two patterns.  
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3.1.2) The series DyxCa(1-x)BaCo4O7 
 
The two end members (CaBaCo4O7 and DyBaCo4O7) of the series have space groups Pbn21 and 
P63mc respectively. Section 1.2.3 explains both of these structures in detail. From the Rietveld 
Refinement ǁe fiŶd that the Ŷuŵďeƌ of oďseƌǀed Bƌaggs peak foƌ the Ϯθ ƌaŶge of ϭϱ° – 80° are 
230 and 56 for the space groups Pbn21 and P63mc respectively. Moreover a clear distinction 
between these 2 space groups can be made by observing the XRD patterns iŶ the Ϯθ ƌaŶge 
between 33° – 34.5°. The numbers of Bragg reflections in this region are greater for space 
group Pbn21 than P63mc. This is shown in fig 3.2 (a) and (b)  
 

a)  Pbn21  -  CaBaCo4O7                                                b)  P63mc  - DyBaCo4O7 
 
 
 
                                                                        

                       
 
Fig 3.2) which shows the expanded region of Rietveld Refinement in between 33° – 36° for the 

CaBaCo4O7 and DyBaCo4O7 specimens respectively.  

 
 
No impurity peak was observed in the XRD patterns of all the compounds (DyxCa(1-x)BaCo4O7) 
;fig ϯ.ϯͿ aŶd ďǇ oďseƌǀiŶg the iŶteŶsitǇ patteƌŶs iŶ the Ϯθ ƌaŶge of ϯϯ° – 34.5°, As x changes 
from 0  to 1 the number of observed Braggs reflection decreases, which also supports the fact 
that for this series as x increases, the space group changes from a less symmetric orthorhombic 
Pbn21 to more symmetric hexagonal P63mc. Utilising this information about space groups of 
the series DyxCa(1-x)BaCo4O7 we are in the process of performing the Rietveld Refinement of the 
whole series. A few representative graphs are shown in fig 3.5, and their results are tabulated in 
table 3.1. Fig. 3.6 represents the variation of lattice parameters as a function of x for samples 
having hexagonal P63mc space group (x = 0.6 to 1).     
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Fig 3.3) XRD patterns for the series DyxCa(1-x)BaCo4O7.. All the 11 patterns in between represents 

DyxCa(1-x)BaCo4O7 ǁith x = Ϭ to ϭ ǁith Δx = 0.1 from bottom to top respectively. The bottom most 

pattern (black) is for CaBaCo4O7 with x = 0 and the topmost pattern (light blue) is for DyBaCo4O7 

with x = 1.   
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                             Fig. 3.4) 

shows the XRD patterns for the series DyxCa(1-x)BaCo4O7 for the Ϯθ range of 33° – 34.5°. The 

intensity patterns are similar for x in between 0 to 0.5 and these compounds have space group 

orthorhombic Pbn21. The intensity patterns for the compounds with 0.6 < x < 1 are similar and 

have hexagonal space group P63mc.     
 

Table 3.1  

Sample name Space 
group 

a(Å) b(Å) c(Å) S 
=Rwp/Re 

DyBaCo4O7 P63mc 6.3115(2) 6.3115(2) 10.2412(7) 1.35 

Dy0.9Ca0.1BaCo4O7 P63mc 6.3068(5) 6.3068(5) 10.2492(9) 1.36 

Dy0.8Ca0.2BaCo4O7 P63mc 6.3102(6) 6.3102(6) 10.2453(9) 1.44 

Dy0.7Ca0.3BaCo4O7 P63mc 6.3103(3) 6.3103(3) 10.2434(5) 1.34 

Dy0.6Ca0.4BaCo4O7 P63mc 6.3120(2) 6.3120(2) 10.2383(9) 1.34 

CaBaCo4O7 Pbn21 6.2776(1) 10.9900(8) 10.1754(6) 1.24 
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Fig 3.5) (a), (b), (c), (d) represents Rietveld Refinement for samples DyxCa(1-x)BaCo4O7 with x = 

0.9, 0.8, 0.7,0.6 respectively.  
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Fig. 3.6) represents the variation of lattice parameters as a function of x for samples having 

hexagonal P63mc space group (x = 0.6 to 1)     
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3.1.3)  The influence of quenching in the structure of DyBaCo4O7 
 
In this project two samples with chemical formulae DyBaCo4O7 were prepared using the 
synthesis method presented in section 2.1. Though the heat treatments were same for both the 
samples; the process of quenching at the end of the final treatment was different. First sample 
was quenched down to room temperature and other was quenched inside the ice. For the sake 
of ĐlaƌitǇ let’s Đall these saŵples as DǇBaCo4O7 (air) and DyBaCo4O7 (ice) respectively. The XRD 
data analysis of these 2 samples reveals that the DyBaCo4O7 (ice) has lower symmetry than 
P63mc DyBaCo4O7 (air) and its XRD pattern matches with Dy0.5Ca0.5BaCa4O7 (fig. 3.7) and lies in 
the middle of the series. A combination of the two space group cannot be ruled out at present. 
For the sake of uniformity only the air quenched samples are discussed in the series analysis.        
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Fig. 3.7) shows the XRD patterns with pink, blue, red and black colours represent the compounds 

DyBaCo4O7 (air), DyBaCo4O7 (ice), Dy0.5Ca0.5BaCo4O7 and CaBaCo4O7 respectively expanded in 

the region of Ϯθ range of 33° to 34.5°. 
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3.2) Magnetic and Dielectric Properties 
 

3.2.1) CaBaCo4O7  

 

The Zero field cooled (ZFC) and field cooled FC measurements for CaBaCo4O7 were performed 
at 1 KOe for the temperature range of 2K-300K. The plot is shown in the figure 3.8. The ZFC-FC 
curves for CaBaCo4O7 shows the onset of ferrimagnetic transition at 70 K which agrees with the 
previous reports [41], [44]. Further, from dM/dT vs T (fig. 3.8 inset) curve we found Tc ≈ ϱϴK 
which is only marginally smaller than the reported Tc ≈ ϲϬK. This can be possibly attributed to 
the different oxygen stoichiometry of our CaBaCo4O7 sample. Isothermal magnetisation 
measurements were performed at 2K and 300K. At 2K (fig. 3.9 (a)) a hysteresis is observed with 
a large coercive field of Hc ≈ ϮT aŶd a satuƌatioŶ ŵagŶetisatioŶ Ms ≈ ϭμb/f.u. The spin only 
magnetic moment for Co2+ (e2

4t2
3Ϳ = ϯ.ϴϳ μb and for Co3+ = ϰ.ϴϵ μb aŶd Ϯ.ϰϰ μb for high (e2

4t2
2) 

and low (e2
3t2

3) spin states respectively. In a per formulae unit of CaBaCo4O7, 2Co2+ and 2Co3+ 
ions are present. For a ferromagnetically aligned Co ions in CaBaCo4O7 will give us a magnetic 
ŵoŵeŶt of the ≈ ϭϬ to ϭϰμb/f.u. Thus, the value of Ms ≈ ϭμb/f.u. also corroborates the 
ferrimagnetic ground state of CaBaCo4O7. A sudden jump in the magnetisation measurement is 
observed at H = + 2.25T, suggesting a metamagnetic transition. The MH isotherms at 300K (fig. 
3.9 (b)) shows a typical paramagnetic nature is observed as a straight line.      
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Fig. 3.8) represents ZFC – FC, M vs T curves at 1 KOe for CaBaCo4O7. In the inset dM/dT vs T is 

plotted with a minima at Tc = 58.02K. 
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Fig. 3.9) (a) and (b) represents M vs H curves for CaBaCo4O7 at 2K and 300K respectively.   

 

 
3.2.2) DyBaCo4O7  

 

The ZFC and FC measurements for DyBaCo4O7 (air) were performed at 1 KOe for the 
temperature range of 2K-300K with a sweeping rate of 1K. The plot is shown in the figure 3.10. 
A magnetic transition in a form of a cusp in both ZFC-FC curves starting at Tcusp ≈ ϴϬK. The 
bifurcation between FC-ZFC curves starts from Tcusp ≈ ϴϬK aŶd it pƌeǀails doǁŶ to ϮK. The huge 
paramagnetic contribution of Dy3+ ion obscures the clear nature of magnetic transition and for 
a better manifestation paramagnetic contribution of Dy3+ ion is subtracted (fig. 3.11). The 
contribution of Dy3+ is calculated using the equation 3.1 [69] 

 
                                            M = NJgμbB(J, x)                                                           (3.1) 
 
Heƌe, ǆ = JgμbH/KbT 
            
           M is the magnetic moment from N Dy3+ ions, 
            
           J = L+S = 7.5, for Dy3+ (4f

9
5s

2
p

6), S = 2.5 and L = 5, 
            
           k represents the Boltzman constant, 
            
           g = 1 + J(J+1) + S(S+1) - L(L+1)  = 1.38 and    
                                     J(J+1) 
           
          B(J,x)  = [(1+1/(2J)coth(1+1/(2J)y] - 1/(2J)coth(y/(2J) is the Brillioun function  
 
Since DyBaCo4O7 has one Dy3+ ion per f.u, N = 1. This type of behaviour is similar to the spin 
glass. Above Tcusp there is no noticeable bifurcation between ZFC-FC curves and system behave 
like a paramagnetic state. 
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Fig 3.10) ZFC-FC magnetisation curve for DyBaCo4O7 (air) measured at field of 1 KOe.  In the 

inset the region representing the cusp is expanded. 
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Fig 3.11) (a) and (b) represents the ZFC-FC curves for DyBaCo4O7 before and after the 

subtraction of the paramagnetic contribution of the Dy
3+

 ion respectively.  
 

For DyBaCo4O7 (ice), ZFC-FC measurements were similar to DyBaCo4O7 (air), for the comparison 
of the magnetisation data between them, we performed the ZFC-FC measurements at fields 
100 and 1K Oe. From the DC magnetisation measurements it is clear that for the spin glass like 
transition represented by a cusp is much more prominent in the DyBaCo4O7 (air) than 
DyBaCo4O7 (ice) (fig. 3.12). As mentioned earlier, these two specimens crystallize in different 
space group. 
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Fig. 3.12) (a) shows the ZFC curves for the samples DyBaCo4O7 (air) and DyBaCo4O7 (ice) at 100 

Oe (red, pink) and at 1 KOe (black, blue), (b) represents the region near spin glass like transition 

(Tcusp ≈ 8ϬKͿ.  
 

 
The isothermal magnetisation measurements of DyBaCo4O7 (air) at 2K and 300K are shown in 
the figure 3.13. At 2K, M vs H curve shows a very small hysteresis and non-saturating nature of 
magnetisation at an applied field of 7T. This supports the possible spin glass behaviour of 
DyBaCo4O7. At 300K the M vs H curve is a straight line similar to CaBaCo4O7 and represents a 
paramagnetic state.   
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Fig. 3.13) M vs H curves for DyBaCo4O7 (air) at 2K and 300K. The inset shows a very small 

hysteresis near the origin (H = 0). 
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The dieleĐtƌiĐ ŵeasuƌeŵeŶts ;e’ aŶd taŶδ) for DyBaCo4O7 (air) is shown in the fig. 3.14. IŶ the e’ 
measurements no sharp transition or peak was found in the temperature range of 20K to 80K. 
For both e’ aŶd taŶδ a peak like featuƌe appeaƌs at T ≈ ϰϳK foƌ ϭϬKHz fƌeƋueŶĐǇ.     
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Fig 3.14Ϳ ;aͿ aŶd ;ďͿ graphs shoǁs the dieleĐtriĐ ŵeasureŵeŶts ;e’ ǀs T aŶd taŶδ ǀs TͿ of 
DyBaCo4O7 (air)  measurements of measured at frequencies of 1KHz, 10KHz and 100KHz  for the 

temperature range of 20K to 80K respectively.  
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3.2.3 The series DyxCa(1-x)BaCo4O7 
  
In this series all the samples are quenched in air. ZFC – FC measurements for the series DyxCa(1-

x)BaCo4O7 at an applied field of 1 KOe are shown in the figure 3.15. The parent compounds of 
the series are CaBaCo4O7 and DyBaCo4O7 and have already been discussed before. A non-
overlapping nature of ZFC and FC is observed near temperature 2K for the compounds with x = 
0.1, 0.6, 0.7, 0.8 and 0.9 (fig 3.15 b). Finding the onset temperature of the ZFC-FC splitting in 
these compounds is difficult due to the very small splitting but it is clear from the fig. 3.15 c that 
they are in between 40 to 80K. For the compounds with x = 0.2, 0.3, 0.4 and 0.5, no ZFC-FC 
splitting was observed throughout the temperature range of 2K to 300K.   
Foƌ all the ĐoŵpouŶd, )FC χdc vs T data in the range for the temperature range of 200K – 300K 
(fig. 3.16) is fitted using the Curie-Weiss laǁ ΀χ = χ0 + C/(T – TcͿ΁, heƌe χ, χ0, C and Tc represents 
magnetic susceptibility, temperature independent susceptibility, Curie constant and Curie 
temperature respectively. The derived constants are shown in the table 3.2. Using Curie 
ĐoŶstaŶt ;CͿ, μeff per f.u. is calculated using the equation 3.2. 

 
                     ;μeff)

2 = ϯCk/Nμb
2   = (μeff (Dy3+))2  +  (μeff(Co2+ and Co3+) )2                  (3.2) 

 
 
here, C is curie constant in emu K / mole Oe, 
           k represents the Boltzman constant (1.38 x 10-16 erg/K), 
           N is Avogadro number (6.022 x 1023),  
           μb stands for Bohr magneton (9.274 x 10-24 J/T) 
 
To get the average contribution of Co ions per f.u. the paramagnetic contribution of Dy3+ = 
10.6μb per f.u. is subtracted. The magnetic contribution of Dy3+ is calculated using the equation 
3.1. It is clear from the graph (fig. 3.16) that CaBaCo4O7 does not follow a Curie Weiss law in the 
temperature range 200 to 300K. This result also agrees with the report by Zhe Qu [44], in this 
report they measured the χ up to 800K and showed that the 1/ χ deǀiates fƌoŵ the Cuƌie Weiss 
ďehaǀiouƌ Ŷeaƌ T ≈ ϯϲϬK. EǆĐept foƌ CaBaCo4O7, all the curves shows a reasonable Curie-Weiss 
fit in the temperature range of 200K – 300K but as temperature decreases all the curves starts 
deǀiatiŶg fƌoŵ this ďehaǀiouƌ at aƌouŶd T ≈ ϭϱϬK, also foƌ all these ĐoŵpouŶds ;0.1<x<1)  the Tc 
is negative, indicating antiferromagnetic interactions.  
Theoretically we can calculate the spin only contribution of Co2+ and Co3+ ions per f.u. for the 
compounds DyxCa(1-x)BaCo4O7 using the equation 3.3 
 
 

                   ;μeff(aCo2+,bCo3+ ))2 = ag2(SCo
2+(S Co

2++1)2 + bg2(S Co
3+ (S Co

3+ +1))2            (3.3) 
 
 
For spin only moment g = 2. Here a and b are the number of Co2+ and Co3+ ions present in 1 f.u. 
of DyxCa(1-x)BaCo4O7. In DyxCa(1-x)BaCo4O7 Dy3+ , Ca2+ and O2- and a + b = 4. The Co2+ will have  
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SCo
2+ = 3/2 Co3+ and Co2+can have SCo

3+ = 1 and 2 in its low high spin configurations respectively. 
UsiŶg these faĐts the ;μeff(aCo2+,bCo3+ )) is calculated for all the possible configurations of SCo

2+ 
and SCo

3+  and are tabulated in the table 3.3. 
 

Table 3.2   

Compound Observe
d μeff/f.u. 
;μb) 

CalĐulated μeff 

(Dy3+)/f.u 
;μb)(Theoretical) 

 μeff(Co2+ 
and Co3+)/   

f.u.(exp) 

CaBaCo4O7 12.22 0 12.22 

Dy0.1Ca0.9BaCo4O7 4.75  1.06 4.63 

Dy0.2Ca0.1BaCo4O7 5.55 2.12 5.13 

Dy0.3Ca0.7BaCo4O7 6.72 3.18 5.92 

Dy0.4Ca0.6BaCo4O7 7.53 4.24 6.22 

Dy0.5Ca0.5BaCo4O7 8.13 5.30 6.17 

Dy0.6Ca0.4BaCo4O7 8.88 6.36 6.20 

Dy0.7Ca0.3BaCo4O7 9.67 7.42 6.21 

Dy0.8Ca0.2BaCo4O7 9.60 8.48 4.52 

Dy0.9Ca0.1BaCo4O7 10.74 9.54 4.93 

DyBaCo4O7 11.78 10.6 5.15 
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Table 3.3 
Compound   μeff(aCo2+,bCo3+)/f.u 

calculated  
DyxCa(1-x)BaCo4O7  a b SCo

2+=3/2 
SCo

3+ = 1 
SCo

2+=3/2 
SCo

3+ = 2 

CaBaCo4O7 2 2 6.782 8.831 
Dy0.1Ca0.9BaCo4O7 2.1 1.9 6.833 8.780 
Dy0.2Ca0.8BaCo4O7 2.2 1.8 6.884 8.729 
Dy0.3Ca0.7BaCo4O7 2.3 1.7 6.935 8.677 
Dy0.4Ca0.6BaCo4O7 2.4 1.6 6.985 8.625 
Dyx0.5Ca0.5BaCo4O7 2.5 1.5 7.035 8.573 
Dy0.6Ca0.4BaCo4O7 2.6 1.4 7.085 8.520 
Dy0.7Ca0.3BaCo4O7 2.7 1.3 7.134 8.467 
Dy0.8Ca0.2BaCo4O7 2.8 1.2 7.183 8.414 
Dy0.9Ca0.1BaCo4O7 2.9 1.1 7.231 8.360 
DyBaCo4O7 3 1 7.280 8.306 
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Fig. 3.15) (a) represents the ZFC – FC measurements at 1KOe, for the samples DyxCa(1-x)BaCo4O7 

for x = 0 to 1. In the inset ZFC – FC measurements are shown for CaBaCo4O7. Graphs (b) and (c) 

show the measurements for the temperature range of 2K to 10K and 30 to 80K respectively.  
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Fig. 3.16) represents the ϭ/χdc vs T plot for the series DyxCa(1-x)BaCo4O7. The straight lines 

represent the Curie Weiss fit for temperature range of 200K to 300K extended in the 

temperature range of 2K to 300K.  

 
 

 
The M vs H curves at 2K and 300K for the series (DyxCa(1-x)BaCo4O7) are shown in the figure 3.17 
(a) and (b). At 2K, for the samples with 0.1 < x < 1, the maximum magnetisation (Mx) registered 
at H = 7T increases as x increases; a complete saturation is not achieved for any of these 
samples at this field. This is not surprising, since the end members have ferrimagnetic and spin 
glass as their low T ground state, 7T is not adequate the magnetisation in either of them. The 
Mx is plotted with respect to the doping level x of Dy in Ca (fig 3.18). A linear correlation 
between Mx and x is observed, except for the region of space group change of the series (x = 0.5 
and 0.6). The nature of Mx also deviates from the linear behaviour for parent compounds 
DyBaCo4O7 and CaBaCo4O7. At 300K, all the samples show straight lines in the M vs H curves 
showing a paramagnetic nature. The slope of the straight lines increases as x increases (fig. 3.17 
(b)). This could be attributed to the increasing of paramagnetic contribution of Dy3+ ions as x 
increases.   
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 Fig. 3.17) (a) represents the M vs H curves for the series DyxCa(1-x)BaCo4O7 at T = 2K. In the inset 

CaBaCo4O7 is shown separately, (b) represents the M vs H curves for the series DyxCa(1-x)BaCo4O7 

at T = 300K  

 

42 



 

                                  

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
0

1

2

3

4

5

6

 

 

M
x

x in Dy
x
Ca

(1-x)
BaCo

4
O

7

M
x
 %

CaBaCo
4
O

7

Space group change

DyBaCo
4
O

7

 
            Fig. 3.18) represents the Mx (Magnetisation at 7T) vs x (x in DyxCa(1-x)BaCo4O7)  

 

 
For the analysis of magnetic interaction between Co2+/Co3+ ions in the series, the magnetic 
contribution of Dy3+ ion is compared with the isothermal magnetisation curves at 2K (fig. 3.19). 
The magnetic contribution of Dy3+ ions per f.u. [69] is calculated using the equation 3.1.  The     
M – M(Dy3+) vs H for all the Dy containing samples are shown in fig. 3.19. For all the samples 
the M – M(Dy3+Ϳ shoǁs siŵilaƌ tƌeŶd, as theǇ iŶitiallǇ deĐƌeases upto H ≈ ϭ.ϱT aŶd theŶ staƌts 
increasing. The surprising thing is M – M(Dy3+)  remains negative in between the H from 0T to 
7T, also for a fixed value of H the M – M(Dy3+)   becomes more negative as the content of Dy 
increases. This situation is possible if the magnetic moment of Dy3+ ions is interacting 
antiferromagnetically with the overall magnetic moment of Co2+ and Co3+ ions.              
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                 Fig 3.19) shows M – M(Dy

3+
) vs H for the Dy containing sample at 2K. 
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Chapter 4: Discussions and future plans 

 

4.1) Discussions  
 
The results of XRD and Rietveld Refinement suggests that in the series DyxCa(1-x)BaCo4O7, as x 
increases from 0 (CaBaCo4O7) to 1 (DyBaCo4O7) the structural symmetry of the compounds 
increases from orthorhombic Pbn21 to hexagonal P63mc. The compounds with 0.6 < x < 1, 
crystallises in P63mc symmetry. The Rietveld Refinement for the compounds with 0 < x < 0.5 
was performed using the space group Pbn21, but except for x = 0 (CaBaCo4O7) the refinement 
of atomic parameters was not possible. This could possibly be due to the biphasic (Pbn21 and 

P63mc) nature of some of these compounds. For the compounds with P63mc space group (0.6 
<x <1), we observed that lattice parameters a(Å) and c(Å) does not show a linear correlation but 
they show an inverse dependency with respect to each other as a function of x (fig. 3.6).  There 
was a little control on quenching during the synthesis of these compounds. A possible reason 
for this anomalous behaviour of lattice parameters could be the off stoichiometry of the 
Oxygen in these samples. As described earlier, the structure of DyBaCo4O7 depends upon its 
quenching, but at this stage we also cannot rule out the possibility of different oxygen 
stoichiometry in the air and ice quenched samples.   
The magnetic properties of the series DyxCa(1-x)BaCo4O7 depends upon the structure and the 
content of Dy present in the compounds. A clear ferrimagnetic and spin glass transition is 
observed for CaBaCo4O7 and DyBaCo4O7 respectively, suggesting that the Co2+:Co3+ ratio plays a 
crucial role in determining the ground state of the compounds. The doping of Dy in the series 
DyxCa(1-x)BaCo4O7 suppresses the ferrimagnetic ground state of CaBaCo4O7. The magnetic 
measurements of DyBaCo4O7 (air and ice) suggests that the spin glass transition is suppressed 
due to the lowering of the symmetry. Even a small amount of Dy3+ ion (x = 0.1) is able to 
supress the ferrimagnetic ground state of CaBaCo4O7 and subsequent increase in the Dy3+ 
appears to destroy the long range magnetic ordering and stabilises a magnetically frustrated 
ground state in these systems. A clear cusp like feature was not observable in the ZFC – FC 
curves of Dy3+ containing compounds with 0.1 < x < 0.9, presumably due to the large 
paramagnetic contribution of Dy3+. In the high temperature region (200K – 300K), In CaBaCo4O7 
a Curie-Weiss linear behaviour is not observed up-to 300K. Even if all the all the compounds 
with 0.1 < x < 1 show a reasonably good Curie-Weiss fit for the temperatures of 200K to 300K, 
one cannot rule out the fact that it could be predominantly due to the presence of highly 
paramagnetic Dy3+ ions. High temperature M vs T measurements would be necessary, to clearly 
observe the true paramagnetic regime of the Co sublattice. This is also in line with some prior 
experimental results. The preliminary dielectric data shown in fig. 3.14 for DyBaCo4O7 (air) 
shows a fƌeƋueŶĐy depeŶdeŶĐe ɸ’ peaks. This is a typical dielectric behaviour of a relaxor. This 
also indicates that this system shows the possibility of a multiglass. 
The MH curves at 2K show a metamagnetic transition in CaBaCo4O7, whereas, all the Dy doped 
samples exhibit a non-saturating, low coercivity hysteresis similar to the MH curves of a spin 
glass. To understand the dynamics of Co sublattice, ac measurements are necessary. From the 
ƌeal ;χ’Ϳ aŶd iŵagiŶaƌy ;χ”Ϳ parts of the ac susceptibility, one can observe the spin dynamics of  
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the system. For a paramagnet, χ” = 0 aŶd thus, in our system, even if we have a huge 
paramagnetic contribution of Dy3+ ions, we can observe the nature of ordering in the Co 
suďlattiĐe usiŶg χ”.            
 
 

4.2 ) Future plans 

 
To perform the Rietveld Refinement of all the compounds in the series DyxCa(1-x)BaCo4O7. It will 
allow us to understand how the structural properties vary as the function of x. In an attempt of 
calculating more accurate ratio of Co2+:Co3+, idiometric titration will be performed for all the 
compounds to determine the oxygen stoichiometry. A sample holder has been designed in 
order to perform high temperature DC- magnetisation measurements, which is currently under 
fabrication. At higher temperatures, the short range correlations will be minimised and we will 
be able to perform a more reliable Curie-Weiss analysis. The need of AC-measurements have 
already been discussed in previous section and to understand the spin dynamics of Co 
sublattice, we will peƌfoƌŵ ;χ’ aŶd χ”Ϳ AC-magnetisation measurements in all the compounds. 
We also plaŶ to peƌfoƌŵ dieleĐtƌiĐ ;e’ aŶd taŶɷͿ ŵeasuƌeŵeŶts foƌ all the compounds.  
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