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The structure–property relationships of solid solutions within the YbFe2O4 

family of compounds have been studied in relation to their optical, dielectric and 

magnetic properties.  This family of compounds is of recent interest because of the 

trigonal bipyramid coordination that is rarely observed in transition metal oxides.  The 

systematic study of InM3+M2+O4 (M
3+ = Al, Fe, Ga; M2+ = Cu, Mg) allowed for the 

trigonal bipyramidal site to be analyzed based on ionic radii, electron configurations 

and electronegativity differences.  The solid solutions of InM3+Cu1-xMgxO4 (M
3+ = Al, 

Fe, Ga) exhibited a large increase in the c lattice parameter as a result of the difference 

in ionic behavior between Cu2+ and Mg2+.  This structural observation was not present 

for InGa1-xFexCuO4, where the ionic radii and electronegativies of Ga3+ and Fe3+ are 

similar.  The dielectric properties of InM3+Cu1-xMgxO4 (M
3+ = Al and Ga) were found 

to be the result of the Cu2+ d9 polarizability, but there were extremely large loss values 

because of remnant semiconductivity.  All compositions were found to be frustrated 

antiferromagnets with spin glass behaviors at low temperatures, but when more than 



 

 

one magnetic cation was present, the magnetic properties showed indication of slight 

ferrimagnetism between the Fe3+ and Cu2+.  The solid solutions of InGaMMꞌO4 (M = 

Mg, Zn; Mꞌ = Co, Mg) displayed similar structural results to those found in the previous 

solid solutions, although the differences in electronegativies were not as influential.  

The optical properties of the cobalt containing compositions verified that the M2+ 

cations were located in a disordered trigonal bipyramidal site, with a dark purple color 

resulting from prominent d-d electronic transitions.  The magnetic properties of the 

InGaMg1-xCoxO4 solid solution indicated that these compositions were spin glass 

systems with short-range antiferromagnetic interactions.  To compare the trigonal 

bipyramidal layering schemes, the In2Fe2-xGaxCuO7 solid solution was compared to that 

of InFe1-xGaxCuO4.  The structural parameters of In2Fe2-xGaxCuO7 mirrored those of 

InFe1-xGaxCuO4, but the magnetic properties were found to much more complex with 

the additional trigonal bipyramidal layer.  It was determined that the single trigonal 

bipyramidal layer ferromagnetically interacted with the antiferromagnetic interactions 

within the double trigonal bipyramidal layer, particularly with x ≈ 1.   
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CHAPTER 1  

General Overview and Introduction to InM2O4 Layered Oxides  

 

1.1 Introduction to Solid State Chemistry and AM2O4 Oxides 

 

Solid state compounds are prevalent in everyday life, and the study of these 

materials has led the way for extreme technological advances.  A common goal of the 

scientific community is to develop more efficient and cost-effective materials, but this 

is almost impossible without an understanding of the underlying structure-property 

relationships.  This is the fundamental focus of solid state chemistry, where new 

materials are synthesized and a deeper knowledge of the physical properties can lead 

to greater discoveries.   

Solid state materials can be produced from a number of elemental 

combinations, but transition metal oxides (TMOs) are commonly used in industrial 

applications because of their chemical stability and ease of synthesis.  TMOs can be 

found in electronic, magnetic and optical materials, where the interactions between the 

d orbitals in the transition metal and the 2p orbitals of the oxygen ions dictate the 

observed physical properties.  The orbital overlap of the transition metal and the oxygen 

can be described by the electronic structure using Band Theory, shown in Figure 1.1.  

This simplified schematic illustrates the electronic relationships between a conducting, 

semiconducting and insulating material based on the band gap and location of the Fermi 

energy.  According to Molecular Orbital Theory, the linear combination of atomic 
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orbitals lead to the production of molecular orbitals depending on the bonding or 

antibonding interactions of the atomic orbitals.  This can be extended for bulk materials 

where there is collectively n number of orbitals energetically close to one another, 

producing a band of orbitals.  The highest energy band containing electrons is 

collectively termed the valence band and the next set of orbitals without electrons is 

defined as the conduction band.  The Fermi level (Ef) is the energy in which an electron 

is equally likely to be located in either the valence band or the conduction band, and 

the energetic location of the Fermi level defines the type of conductivity that will be 

observed [1].   

 

Figure 1.1 Simplified schematic of Band Theory for transition metal oxides.   

 

For materials where the Fermi level is located in a band, there are available 

energy levels for the electrons (and resulting holes) to freely flow through the system, 

producing electrical conductivity.  Conductivity is defined as  

σ = neμ 
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where n is the number of charge carriers (electrons or holes), e is the charge, and μ is 

the mobility of the charge carriers [2].  For conducting materials, n is large, e is constant 

and μ is dependent on the temperature of the system.  As the temperature of a conductor 

is increased, the phonons from lattice vibrations hinder the mobility of the charge 

carriers, and the conductivity decreases. 

Insulators and semiconductors are the two other common categories of solid 

state materials, both consisting of an energy difference between the valence and 

conduction bands, the band gap (Eg).  For insulating materials, the entire valence band 

is filled with electrons and the band gap is so large that it is not energetically favorable 

for the electrons to move to the conduction band.  This electronic stability restricts the 

movement of the electrons, and conductivity is not observed.  Similarly, a band gap is 

present for semiconducting materials, but the energy difference is such that a thermal 

excitation can excite an electron from the valence band to the conduction band, where 

it is free to move.  This mechanism produces the opposite thermal dependence than 

what is seen in a conductor; the temperature increase of a semiconductor produces an 

increase in n, which compensates the decreased mobility, and results in an increased 

conductivity of the material.  The materials in this thesis can generally be defined as 

insulators or weak semiconductors, so the analysis provided in the following chapters 

will focus on the optical, dielectric and magnetic properties of insulating materials. 

In addition to the bulk electronic properties of a TMO, the specific electronic 

interactions of each transition metal can affect the overall structure of a material, which 

is generally based on ligand field stabilization energies (LFSEs).  Depending on the 

orbital overlap of the transition metal–ligand environment (oxygen in this case), the 
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energies of the five d orbitals shift and are no longer energetically equivalent.  An 

illustration of the most common environments is provided in Figure 1.2, where direct 

orbital overlap produces an increase in the d orbital energy and an indirect overlap 

results in a decrease of orbital energy [3].  

 
 

Figure 1.2 General Ligand Field Splitting Energies (LFSEs) for a variety of common 

transition metal environments [3].  The dashed line indicates the energy where the d 

orbitals of a free atom would be located.  
 

These environments are produced from the layering schemes of various TMOs, 

and the specific structure of a material is often defined by the crystallographic 

coordinations of the transition metal and the oxygen.  The correct determination of the 

transition metal crystallographic environment is extremely important not only for the 

structural characterization, but also for understanding the electronic, magnetic and 

optical properties of the bulk material.   

For an example of how to use Figure 1.2 to estimate the coordination 

environment of a transition metal, consider the spinel structure.  Although the spinel 
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structure was termed after the discovery of the mineral MgAl2O4, it is an extremely 

common structure for TMOs.  In this structure, the M cation (Al3+) is located in the 

octahedral (Oh) coordination and the A cation (Mg2+) is in a tetrahedral (Td) 

crystallographic site.  For TMOs such as Fe3O4 (or Fe2
3+Fe2+O4), the electron filling of 

the d orbitals dictates the location of the Fe3+ (3d5) and Fe2+ (3d4) cations.  From the 

LFSE diagram provided in Figure 1.2, if Fe3+ is in the high spin (HS) configuration, 

each orbital is half-filled with one of the five electrons and there is zero stabilization 

energy for either the Oh or the Td coordination.  For the Fe2+, there is greater 

stabilization energy for the Oh site compared to the Td site, so the Fe2+ will 

preferentially fill the octahedral crystallographic site.  The Fe3+ will fill the remaining 

Oh and Td sites, giving the general formula [Fe3+]Td[Fe3+Fe2+]OhO4.   

Although there are numerous structures obtained from the general AM2O4 

formula, the spinel and hexagonal YbFe2O4 structures are fairly common if the A and 

M cations are relatively small [4–6].  The LFSE calculation is an effective method of 

determining which of the two structures will form, depending on the stabilization 

energy of the transition metal in a Td or trigonal bipyramidal (TBP) site.  Kimizuka et 

al. provided an extensive review of the A3+
2O3-M2

3+O3-M
2+O (A3+ = In, Sc, Y, or Ln; 

M3+ = Al, Fe, or Ga; M2+ = divalent cation) family of compounds in 1990, which was 

generally focused on the structural and physical properties of the A3+Fe3+M2+O4 and 

A3+
2Fe3+

2M
2+O7 compositions [5].  This crystal structure was particularly interesting 

because of the presence of a stable trigonal bipyramidal site (TBP), which is extremely 

uncommon in solid state structures.   
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The body of this thesis will focus on the structure–property relationships of the 

layered InM3+M2+O4 and In2M
3+

2M
2+O7 oxides.  Specifically, the substitution of Mg2+ 

into the InM3+CuO4 (M
3+ = Al, Fe, Ga) structure will be addressed in relation to the 

change in dielectric and magnetic properties.  A detailed structural and optical study of 

InGaM1-xMx'O4 is also included where M and M' are Co, Mg and Zn.  Lastly, a 

structural and magnetic of In2Fe2-xGaxCuO7 will be discussed.  Prior to discussing the 

results of these studies, an introduction to the hexagonal (A3+M3+O3)n(M
2+O)m structure 

is provided.  As an extension of the work compiled by Kimizuka et al., the following 

sections will focus on compounds with A3+ = In and review the extensive amount of 

physical property analysis that has been completed since this family of compounds was 

discovered in the 1960s.   

 

1.2 Importance of TBP coordination and review of representative materials in 

the (A3+M3+O3)n(M2+O)m (n = 1, 2 and m = 1) series 

1.2.1 Structural details of (A3+M 3+O3)(M 2+O) and (A3+M 3+O3)2(M 2+O) where A3+ 

= In, Lu, Y, Yb, M 3+ = Fe, Ga and M 2+ = Cu, Mg, Zn 

 

There are many structure types available from the AMO3 formula, but the 

hexagonal YAlO3  phase (space group P63/mmc) is of recent interest because of the 

novel physical properties observed from transition metals in the TBP site [7–13].  Most 

notably, the solid solution of YIn1-xMnxO3 produced the first stable blue inorganic 

pigment as a result of the d-d transitions of the Mn3+ in the TBP crystallographic site 

[8].  This began a rapid search for other inorganic pigments using the trigonal 

bipyramid coordination, including pigments with more complex YbFe2O4 structure 
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[9,11,13,14].  These recent discoveries solidify that this family of compounds contains 

a wealth of physical properties that must be examined in order for a deeper 

understanding of the trigonal bipyramidal site to be obtained. 

The hexagonal AMO3 structure is described as the simplest building block of 

the (A3+M3+O3)n(M
2+O)m family of compounds, where n = 1, m = 0.  This structure is 

comprised of an edge-shared A3+O6 trigonal antiprism layer alternating with a layer of 

M3+/2+O5 corner-shared trigonal bipyramids [15–18].  This general layering scheme can 

be continued to produce the more complex structure types that are the focus of this 

work, the AM2O4 and A2M3O7 structures.  

 

Figure 1.3 Progression of the first three crystal structures constructed from the general 

formula, (AM3+O3)n(M
2+O)m where the AO6 polyhedra are simplified as black spheres 

and the MO5 TBP are blue polyhedra a) AMO3 (n = 1, m = 0), b) AM2O4 (n = 1, m = 

1), c) A2M3O7 (n = 2, m = 1).  
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As seen in Figure 1.3, the addition of the M2+O layer from AMO3 to AM2O4 

produces a second layer for trigonal bipyramids and results in more symmetric A3+O6 

octahedral layers.  In the figure, the A3+O6 polyhedra are shown simply as A3+ atoms 

to show the progression of the TBP layers.  The addition of a second AMO3 unit as in 

A2M3O7 produces both single and double layers of trigonal bipyramids, each 

alternating with the octahedral A3+O6 layers.  Theoretically this layering scheme could 

be continued indefinitely, Table 1.1, but phase purity is hindered with the higher 

complexity.  One example of this can be found in the single crystal analysis of 

Yb3Fe4O10, where the additional phases of Yb4Fe5O13, Yb6Fe7O19 and Yb7Fe8O22 were 

observed through electron microscopy techniques [19,20].   

Table 1.1 Symmetry designations for alternating values of (n + m).  

(n + m) Z Space Group Example Compositions 

Even 3 𝑅3̅𝑚 (#166) AM2O4 

Odd 2 P63/mmc (#194) AMO3, A2M3O7 

The first report of a hexagonal AM2O4 compound was provided by Schmitz-

DuMont in 1965, where numerous compositions in the (InM3+O3)(M
2+O) (M3+ = Al, 

Ga; M2+ = Mg, Mn, Co, Cu, Zn, Cd) series were synthesized [21].  These compositions 

were only determined to be phase pure through single crystal synthesis techniques, it 

was reported that after many hours at 1080 °C, phase pure bulk samples could not be 

produced.  From the single crystal X-ray diffraction, the space group of InAlCuO4 was 

estimated to be R3m with Z = 1, resulting in a C3v symmetry for the TBP site.  This 

structural estimation was proven to be incorrect by the independent single crystal 

studies by two groups in 1975, Kato et al. with YbFe2O4 and Malaman et al. with 

Yb0.5Eu0.5Fe2O4 [22,23].  By the mid-1980s the crystal structure of multiple AM2O4 
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compounds had been successfully refined in the 𝑅3̅𝑚 space group and an agreement 

of the true structure was achieved, shown in Figure 1.4 and Tables 1.2 and 1.3.  The 

structural data in these tables and in the following chapters is expressed according the 

hexagonal cell, which indicates the layering scheme more adequately than the 

rhombohedral orientation.  

 

Figure 1.4 Crystal structure of AM2O4 with alternating layers of AO6 octahedra (grey) 

and double M3+/2+O5 trigonal bipyramids (blue). Inset: Crystallographic labeling of 

M3+/2+ site in AM2O4.  

The AM2O4 crystal structure is comprised of triangular nets of each element 

stacked along the c axis, Figure 1.5.  The M3+/2+ atoms are randomly distributed 

throughout the double layer of trigonal bipyramids, given that there is no statistical 

difference observed when the M3+ and M2+ are ordered in the structural refinement 

[5,24].   
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Table 1.2 Atomic positions of various compositions with the AM2O4–type structure, 

YbFe2O4 [23], Yb0.5Eu0.5Fe2O4 [22], InAlCuO4 [24], InFe1.75Si0.25O4 [24] and YFe2O4 

[25]. Adapted from Kimizuka et al. [5].  
 

 

 

Figure 1.5 Triangular lattice of the a) Oh A3+O6 and the b) TBP M3+/2+O5.  The 

hexagonal unit cell is shown in black. 
 

It was also determined that the M3+/2+ cation is not in the center of the TBP with 

a D3h symmetry as one would expect, but rather shifted from the basal plane producing 

a C3v symmetry environment [22–25].  This shifting from the basal plane is one of the 

symmetry differences between the AMO3 and the AM2O4 compounds that produces the 

change in space group (P63/mmc to 𝑅3̅𝑚).   

 

Atom 
Wyckoff 

Position 
x y z [23] z [22] z [24] z [24] z [25] 

A3+ 3a 0 0 0 0 0 0 0 

M3+/2+ 6c 0 0 0.2150 0.2141 0.2128 0.2168 0.2144 

O1 6c 0 0 0.2925 0.2914 0.2894 0.2925 0.2924 

O2 6c 0 0 0.1292 0.1295 0.1302 0.1285 0.1282 
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Table 1.3 Interatomic distances (Å) of various compositions with the AM2O4–type 

structure, YbFe2O4 [23], Yb0.5Eu0.5Fe2O4 [22], InAlCuO4 [24], InFe1.75Si0.25O4 [24] and 

YFe2O4 [25]. Adapted from Kimizuka et al. [5]. 
 

Bond Interatomic distances (Å) 

 [23] [22] [24] [24] [25] 

A3+–O1 (x6) 2.241 2.268 2.189 2.188 2.269 

M3+/2+–O1 1.944 1.9625 1.86 1.987 1.934 

M3+/2+–O2 (x3) 2.013 2.03 1.92 1.933 2.043 

M3+/2+–O2 2.149 2.11 2.01 2.32 2.137 

O1–O1 (x6) 3.455 3.486 3.308 3.303 3.516 

O1–O1 (x3) 2.856 2.901 2.87 2.870 2.870 

O1–O2 (x3) 2.980 2.97 2.84 2.98/9 2.967 

O2–O2 (x3) 2.74 2.73 2.61 2.768 2.785 

 

Figure 1.6 Comparison of TBP coordination environments for a) AMO3 (D3h) and b) 

AM2O4 (C3v). 

The two designations for a trigonal bipyramid are Type I and Type II, 

depending on the degree of M3+/2+ cation displacement from the basal plane [26].  As 

seen in Figure 1.6, AMO3 would be considered to have a Type I TBP environment 
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because of the ideal trigonal bipyramid geometry, whereas AM2O4 would be 

considered Type II as a result of the cation repulsion and oxygen bonding.  The Type 

II classification can be extended in relation to the LFSE of the cation in the TBP site, 

especially in relation to compositions containing Zn2+.  As a result of the disorder in 

M3+ and M2+ cations throughout the double TBP layer, there are many reports of Zn2+ 

residing in the TBP coordination [5].  It is difficult to differentiate the specific cations 

in the structural analysis techniques because of the electronic similarities between the 

ions in question.  In recent years, theoretical calculations have showed that the Zn2+ in 

the AM2O4 structure is actually tetrahedrally coordinated, as a result of the stabilized 

sp3 hybridization [27,28].  This classification will be discussed in greater detail in the 

subsequent chapters, but the lattice parameters provided in Table 1.4 are from 

refinements where both M3+ and M2+ cations are coordinated in a trigonal bipyramid.     

Table 1.4 Lattice constants of (A3+M3+O3)n(M
2+O)m (n = m = 1) compounds, space 

group 𝑅3̅𝑚. Adapted from Kimizuka et al. [5]. Asterisks indicate the original paper 

when the incorrect crystal system was assumed.  

 

Composition a (Å) c (Å) Volume (Å3) c/a Reference 

ErFe2O4 3.492 24.93 263.3 7.139 [29,30]* 

 3.497 24.94 264.1 7.132 [31,32]* 

ErFeMgO4 3.521 25.69 275.8 7.296 [31] 

ErFeMnO4 3.480 25.55 268.0 7.342 [31] 

 3.483 25.609 269.0 7.353 [33] 

ErGaMgO4 3.433 25.12 256.4 7.317 [34] 

ErGaMnO4 3.474 25.30 264.4 7.283 [34] 

HoFe2O4 3.518 24.81 265.9 7.052 [29,30]* 

 3.519 24.81 266.1 7.050 [31,32]* 
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HoGaMnO4 3.491 25.14 265.3 7.201 [34] 

In0.5Lu0.5Fe2O4 3.382 25.58 253.4 7.564 [29] 

In0.8Lu0.2Fe2O4 3.358 25.90 252.9 7.713 [29] 

In1.05Ga0.95MgO4 3.308 25.825 244.7 7.807 [35] 

In1.1Ga0.9MgO4 3.3164 25.91 246.8 7.813 [35] 

In1.2Ga0.8MgO4 3.3243 25.954 248.4 7.807 [36] 

 3.3252 25.962 248.6 7.808 [35] 

InAlCdO4 3.32 27.6 263.5 8.313 [21]* 

 3.321 27.50 262.7 8.281 [4] 

InAlCoO4 3.302 25.73 243.0 7.792 [21]* 

 3.302 25.66 242.3 7.771 [37] 

 3.301 25.56 241.2 7.743 [24] 

 3.301 25.74 242.9 7.798 [4] 

InAlCuO4 3.312 24.34 231.2 7.349 [21]* 

 3.320 24.38 232.7 7.343 [37] 

 3.308 24.36 230.9 7.364 [24] 

 3.315 24.36 231.8 7.348 [38] 

InAlMgO4 3.296 25.65 241.3 7.782 [21]* 

 3.298 25.72 242.3 7.799 [37] 

 3.294 25.63 240.8 7.781 [24] 

 3.290 25.66 240.5 7.799 [4] 

InAlMnO4 3.319 26.21 250.0 7.897 [21]* 

 3.308 26.56 251.7 8.029 [24] 

 3.319 26.21 250.0 7.897 [4] 

InAlZnO4 3.311 26.22 248.9 7.919 [37] 

 3.309 26.33 249.7 7.957 [39] 

InFe1.75Si0.25O4 3.303 26.26 248.1 7.950 [24] 

InFe2O4 3.33 26.2 251.6 7.868 [29] 
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 3.337 26.11 251.8 7.824 [24] 

 3.339 26.08 251.8 7.811 [38] 

InFeCuO4 3.358 24.96 243.7 7.433 [24] 

 3.374 24.84 244.9 7.362 [40] 

InFeMnO4 3.356 26.01 253.7 7.750 [24] 

 3.356 26.40 257.5 7.867 [4] 

InFeZnO4 3.326 26.1 250.0 7.847 [24] 

 3.321 26.09 249.2 7.856 [4] 

InGaCoO4 3.311 25.93 246.2 7.831 [21]* 

 3.318 25.85 246.5 7.791 [37] 

 3.312 25.83 245.4 7.799 [24] 

 3.309 25.86 245.2 7.815 [40] 

InGaCuO4 3.355 24.82 241.9 7.398 [21]* 

 3.353 24.81 241.6 7.399 [37] 

 3.348 24.79 240.6 7.404 [24] 

 3.354 24.81 241.7 7.397 [41] 

 3.350 24.82 241.2 7.409 [40] 

InGaFeO4 3.313 26.17 248.8 7.899 [4] 

InGaMgO4 3.304 25.89 244.8 7.836 [21] 

 3.310 25.93 246.0 7.834 [37] 

 3.304 25.65 242.5 7.763 [24] 

 3.304 25.81 244.0 7.812 [38] 

 3.306 25.832 244.5 7.814 [35] 

InGaMnO4 3.338 26.52 255.9 7.945 [21] 

 3.311 26.55 252.1 8.019 [24] 

 3.329 26.52 254.5 7.966 [38] 

InGaZnO4 3.298 26.13 246.1 7.923 [21] 

 3.305 26.12 247.1 7.903 [37] 
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 3.295 26.07 245.1 7.912 [38] 

LuAlMnO4 3.425 25.02 254.2 7.305 [42] 

LuFeMgO4 3.415 25.25 255.0 7.394 [29] 

 3.428 25.31 257.6 7.383 [43] 

 3.4134 25.1907 254.2 7.380 [44] 

LuFe1.85Mg0.15O4 3.4394 25.2405 258.6 7.339 [44] 

LuFe1.95Mg0.05O4 3.4400 25.2455 258.7 7.339 [44] 

LuFe1.9Mg0.1O4 3.4400 25.2419 258.7 7.338 [44] 

LuFe2O4 3.433 25.25 257.7 7.355 [29,30]* 

 3.437 25.25 258.3 7.347 [31,32]* 

 3.4406 25.28 259.2 7.348 [45] 

 3.4404 25.2531 258.9 7.340 [44] 

LuFeCoO4 3.415 25.27 255.2 7.400 [29] 

 3.421 25.31 256.5 7.398 [43] 

 3.418 25.28 255.8 7.396 [45] 

LuFeCuO4 3.469 23.99 250.0 6.916 [29] 

 3.465 24.18 251.4 6.978 [43] 

LuFeMnO4 3.449 25.65 264.2 7.437 [29] 

 3.445 25.63 263.4 7.440 [43] 

LuFeZnO4 3.416 25.42 256.9 7.441 [29] 

 3.411 25.39 255.8 7.444 [43] 

LuGaCoO4 3.398 25.2 252.0 7.416 [29] 

 3.400 25.19 252.2 7.409 [34] 

LuGaCuO4 3.443 24.22 248.6 7.035 [29] 

 3.441 24.28 249.0 7.056 [34] 

LuGaFeO4 3.430 25.31 257.9 7.379 [4] 

LuGaMgO4 3.418 24.51 248.0 7.171 [29] 

 3.386 25.23 250.5 7.451 [34] 
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LuGaMnO4 3.431 25.54 260.4 7.444 [29] 

 3.427 25.82 262.6 7.534 [34] 

LuGaZnO4 3.402 25.28 253.4 7.431 [29] 

 3.400 25.25 252.8 7.426 [34] 

ScAlCoO4 3.247 25.19 230.0 7.758 [4] 

ScAlCuO4 3.277 24.17 224.8 7.376 [38] 

ScAlMgO4 3.236 25.15 228.1 7.772 [4] 

 3.237 25.10 227.8 7.754 [14] 

ScAlMnO4 3.260 25.98 239.1 7.969 [4] 

ScAlZnO4 3.242 25.54 232.5 7.878 [39] 

ScGaCuO4 3.313 24.65 234.3 7.440 [38] 

ScGaMgO4 3.272 25.62 237.5 7.830 [4] 

ScGaZnO4 3.259 25.91 238.3 7.950 [38] 

TmAlMnO4 3.459 24.91 258.1 7.202 [34] 

TmFe2O4 3.472 25.01 261.1 7.203 [29,30]* 

 3.473 25.01 261.2 7.201 [32,43]* 

TmFeCoO4 3.456 25.17 260.4 7.283 [43] 

TmFeCuO4 3.497 24.08 255.0 6.886 [43] 

TmFeMgO4 3.503 25.55 271.5 7.294 [43] 

TmFeMnO4 3.469 25.56 266.4 7.368 [43] 

TmFeZnO4 3.450 25.25 260.3 7.319 [42] 

TmGaCoO4 3.437 25.09 256.7 7.300 [34] 

TmGaCuO4 3.473 24.16 252.4 6.957 [34] 

TmGaFeO4 3.466 25.07 260.8 7.233 [4] 

TmGaMgO4 3.417 25.10 253.8 7.346 [34] 

TmGaMnO4 3.456 25.69 265.7 7.433 [34] 

TmGaZnO4 3.430 25.07 255.4 7.309 [34] 

Y0.5Dy0.5Fe2O4 3.53 24.76 267.2 7.014 [29] 



17 
 

Yb0.5Eu0.5Fe2O4 3.486 24.92 262.3 7.149 [30,46]* 

YbAlMnO4 3.447 24.97 256.9 7.244 [34] 

YbFe2O4 3.452 25.11 259.1 7.274 [29,30]* 

 3.455 25.11 259.6 7.268 [32,43]* 

YbFeCoO4 3.435 25.20 257.5 7.336 [29] 

 3.430 25.20 256.8 7.347 [43] 

YbFeCuO4 3.485 23.97 252.1 6.878 [29] 

 3.481 24.10 252.9 6.923 [43] 

YbFeMgO4 3.425 25.11 255.1 7.331 [29] 

 3.429 25.16 256.2 7.337 [43] 

YbFeMnO4 3.457 25.59 264.8 7.402 [29] 

 3.457 25.62 265.2 7.411 [43] 

 3.458 25.647 265.6 7.417 [47] 

YbFeZnO4 3.430 25.30 257.8 7.376 [29] 

 3.425 25.28 256.8 7.381 [43] 

YbGaCoO4 3.418 25.08 253.7 7.338 [29] 

 3.417 25.08 253.6 7.340 [34] 

YbGaCuO4 3.459 24.16 250.3 6.985 [29] 

 3.460 24.17 250.6 6.986 [34] 

YbGaFeO4 3.447 25.18 259.1 7.305 [4] 

YbGaMgO4 3.423 24.61 249.7 7.190 [29] 

 3.399 25.13 251.4 7.393 [34] 

YbGaMnO4 3.442 25.61 262.8 7.440 [29] 

 3.444 25.70 264.0 7.462 [34] 

YbGaZnO4 3.414 25.15 253.9 7.367 [29] 

 3.415 25.09 253.4 7.347 [34] 

YFe2O4 3.518 24.81 265.9 7.052 [24,30]* 

 3.516 24.79 265.4 7.051 [43,48]* 
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YFeMnO4 3.496 25.46 269.5 7.283 [43] 

YFeZnO4 3.489 25.20 265.7 7.223 [4] 

YGaMnO4 3.467 25.29 263.3 7.294 [34] 

In general, as the ionic radii of the A3+ cation is increased, the a axis also 

increases, but there is a decrease in the observed c axis.  Specifically from Table 1.3, it 

can be noted that the equatorial Fe–O2 (x3) bonds are increased to accommodate the 

increased a axis from the change in A ionic radii, but the axial Fe–O1 and Fe–O2 bonds 

are decreased to conserve the average Fe–O bond distance.  In relation to the change in 

ionic radii in the TBP site, generally a larger M3+ or M2+ will result in a decrease of the 

a axis and an increase in the c axis, which was initially discussed by Schmitz-DuMont 

[21].  A general comparison of the lattice constants was provided by Siratori et al., but 

this report only compared the data from previous data collected on the end member 

compositions.  These structural relationships are extremely important to the physical 

properties of the AM2O4 family of compounds, and a more detailed discussion will be 

provided in the following chapters.   

The crystal structure of A2Fe3O7 (A3+ = Lu, Yb) was initially reported by 

Kimizuka et al. in 1974, but the space group was estimated to be either 𝑃6̅𝑐2, P63cm 

or P63/mcm [49].  Similar to the AM2O4 structure, the accepted structure of A2M3O7 

was independently determined for Yb2Fe3O7 by Kato et al. and Malaman et al. in 1976, 

shown in Figure 1.9 and Tables 1.5 and 1.6 [50,51].  The structure of A2M3O7 (space 

group P63/mmc, Z = 2) is made up of single Oh A3+O6 layers alternating along the c 

axis with single TBP M3+/2+O5 and double TBP M3+/2+O5 layers [50,51].  As seen in 

Figure 1.9, the M3+/2+O5 polyhedra in the single TBP layers are closer to the Type I 
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ideal trigonal bipyramid geometry, whereas the double layers are identical to the Type 

II TBP in the AM2O4 structure. 

 

Figure 1.7 Crystal structure of A2M3O7 with alternating layers of A3+O6 octahedra 

(grey), single M3+/2+O5 TBP and double M3+/2+O5 TBP (blue). Inset: Orientation of 

M3+/2+ cation in the single and double TBP layers. 

   

Table 1.5 Atomic positions of Yb2Fe3O7 reported by Kato et al. [50] and Malaman et 

al. [51]. Adapted from Kimizuka et al. [5].  
 

 

 

 

 

 

 

Atom 
Wyckoff 

Position 
x y z [50] z [51] 

Yb 4f 1/3 2/3 0.1480 0.1482 

Fe1 2b 0 0 0.25 0.25 

Fe2 4f 2/3 1/3 0.4568 0.4574 

O1 4e 0 0 0.317 0.320 

O2 4f 2/3 1/3 0.289 0.385 

O3 4f 1/3 2/3 0.467 0.465 

O4 2c 1/3 2/3 0.25 0.25 
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Table 1.6 Interatomic distances (Å) of Yb2Fe3O7 reported by Kato et al. [50] and 

Malaman et al. [51]. Adapted from Kimizuka et al. [5]. 

 

 Interatomic distances 

(Å) 
 

Interatomic distances  

(Å) 

Bond [50] [51] Bond [50] [51] 

Yb1–O1 (x3) 2.23 2.20 Fe2–O3 (x3) 2.03 2.01 

Yb1–O2 (x3) 2.26 2.21 Fe2–O3 2.17 2.20 

Yb1–O3 3.27 3.21 O1–O2 (x3) 2.85 2.73 

Yb1–O4 2.90 2.896 O1–O4 (x3) 2.78 2.83 

Fe1–O1 (x2) 1.92 1.99 O2–O3 (x3) 2.99 3.03 

Fe1–O4 (x3) 2.01 2.00 O3–O3 (x3) 2.75 2.82 

Fe2–O2 1.93 2.06    

 

From Table 1.6, the average interatomic distance for an Fe1–O bond is 

approximately the same length as the ideal Fe3+–O2- TBP bond, based on the Shannon 

radii [50–52].  In comparison, the average distance for Fe2–O bond is in agreement 

with the interatomic distances found in YbFe2O4, where Fe3+ and Fe2+ are disordered 

among the double TBP layer.  These interatomic distances suggest that the Fe1 

crystallographic site (single TBP layer) only contains Fe3+, but there is a disorder of 

Fe3+ and Fe2+ in the Fe2 crystallographic site (double TBP layer) of Yb2Fe3O7. 

Table 1.7 Lattice constants of (A3+M3+O3)n(M
2+O)m (n = 2, m = 1) compounds, space 

group P63/mmc. Adapted from Kimizuka et al. [5]. Asterisks indicate the original paper 

when the incorrect crystal system was assumed. 
 

Composition a (Å) c (Å) Volume (Å3) c/a References 

In2Fe2CuO7 3.352 28.87 280.92 8.61 [40] 

In2FeGaCuO7 3.342 28.82 278.76 8.62 [40] 

In2Ga2CuO7 3.332 28.70 275.94 8.61 [40] 
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In2Ga2MnO7 3.333 29.69 285.64 8.91 [38] 

In2Ga2ZnO7 3.308 29.48 279.38 8.91 [38] 

Lu2Fe2Fe0.95Mg0.05O7 3.4523 28.4311 293.45 8.24 [44] 

Lu2Fe2Fe0.9Mg0.1O7 3.4516 28.4397 293.42 8.24 [44] 

Lu2Fe3O7 3.455 28.44 294.01 8.23 [30,53]* 

Sc2Ga2CuO7 3.303 28.12 265.68 8.51 [38] 

Yb2Fe3O7 3.470 28.45 296.67 8.20 [46]* 

 3.472 28.33 295.76 8.16 [49]* 

 3.476 28.43 297.49 8.18 [50] 

 3.470 28.45 296.67 8.20 [51] 

 3.4543 28.4246 293.73 8.23 [44] 

 3.474 28.357 296.38 8.16 [54] 

 

1.2.2 Physical properties of (A3+M 3+O3)(M 2+O) where A3+ = In, Lu, Y, Yb, M 3+ = 

Al, Fe, Ga and M 2+ = Co, Cu, Mg, Zn 

 

The optical, dielectric and magnetic behaviors are the three most significant 

properties of the AM2O4 materials, with the majority of research focused on the AFe2O4 

compositions as reviewed by Kimizuka et al. in 1990 [5].  As an extension of the 

conclusive review provided by Kimizuka et al., the data presented here will generally 

focus on the work that has been reported since that publication.   

Schmitz-DuMont et al. was the first to report on the optical properties of the 

InM3+M2+O4 compounds through IR spectroscopy, although they had assumed the 

incorrect crystal structure [21].  Each of the previously listed compositions were 

analyzed using the Kubelka-Munk relationship with MgO or InAlMgO4 as the 



22 
 

reference material, but the central discussion was concerning the InGa(Al)CuO4, 

InGa(Al)CoO4 and InGaZn0.99Co0.01O4 compositions.  For the InGa(Al)CuO4 

compositions, it was reported that the two maxima verified the C3v symmetry and 

octahedral coordination of the Cu2+, but the splitting of the first band indicated that the 

octahedra was distorted from the ideal geometry.  The Co-containing compositions 

showed stronger electronic interactions, but the discrepancies between the theoretical 

and experimental band locations showed that the Co2+ strongly deviated from the Oh 

coordination.  For InGaZn0.99Co0.01O4, two of the three main InGaCoO4 absorption 

bands shifted into the IR region leading to a much lighter violet color.   

Kutoglu et al. also measured the electronic properties of InGa(Al)Zn1-xCoxO4, 

which included the ligand field splitting energies at 4.2 K for all compositions x = 0 – 

1 with the accepted 𝑅3̅𝑚 structure model [37].  They found that the observed transitions 

were consistent with changes in temperature and Co2+ composition, and there was good 

agreement between the theoretical and experimental band positions based on a D3h 

symmetry for an ideal TBP.  Both studies found the Co–doped compositions to range 

from a light violet color to a black-violet color, increasing in pigmentation with 

Co2+ concentration [21,37].   

Mizoguchi et al. reported the addition of Mn3+ into the TBP site of A3+M3+
1-

xMnxM
2+O4 (A

3+ = Sc, Lu, M3+ = Al, Ga, M2+ = Mg, Zn) and found blue-violet pigments 

similar to that of YIn1-xMnxO3 reported by Smith et al. [14,8].  The diffuse reflectance 

of these compositions were measured and compared to density functional theory 

calculations in order to assign the transitions observed in the absorption spectra.  

Although the symmetry is slightly different for the metal cation in the trigonal 
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bipyramid between the two structures, the general electronic interactions found in YIn1-

xMnxO3 were mirrored in the A3+(M3+M2+)O4 compositions.  All measured samples 

showed a charge transfer between the O 2p and the a1 orbital at approximately 3.5-4 

eV. The a1 orbital was determined to be formed from the Mn 3dz
2–Oap 2p interaction.  

The absorption peak at 2 eV was determined to be caused by the eꞌ to a1 symmetry-

allowed d-d transition, which increased in intensity as Mn3+ was added [14].  It was 

also mentioned by the authors that the transition at 2 eV had small amounts of splitting, 

indicating that the Mn3+ was not located in the ideal D3h TBP symmetry. 

The luminescent properties of ScGaZnO4, InGaZnO4 and InGaMgO4 were 

analyzed by Blasse et al., where they were compared to the electronic properties of 

ZnGa2O4, MgGa2O4 and β-Ga2O3 [55].  The spectroscopic data was collected from 

polycrystalline powder samples, and a small impurity of MgGa2O4 could not be 

removed from the sample of InGaMgO4.  The optical properties of the Sc3+ containing 

compound was drastically different from what was observed for the compositions 

containing In3+,  although all compositions showed broad emission and excitation 

bands down to 5 K.  For ScGaZnO4, the Sc3+ has a noble gas configuration and both 

Ga3+ and Zn2+ have a d10 configuration, leading to the Ga3+/Zn2+ layer producing optical 

properties similar to that of ZnGa2O4.  The blue emission of both  ScGaZnO4 and 

ZnGa2O4 was determined to be the result of electron-hole recombination in the 

Ga3+/Zn2+ energy levels, with the Sc3+ layers having a much higher optical absorption 

edge [55].   

In an effort to develop more advanced transparent conducting oxides, Orita et 

al. studied the optical properties of InGaMgO4, InGaZnO4, InAlZnO4 and InAlMgO4, 
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where phase pure samples could only be synthesized for InGaMgO4 and InGaZnO4.  

The optical band gaps were found to be 4.2 eV for InGaMgO4 and 3.5 eV for 

InGaZnO4, which are much larger than that reported for In2O3 (2.9 eV) [56].  The 

differences in band gap were determined to be the result of different Coulombic 

interactions within the GaMO2 TBP layers, where Mg2+ is more ionic than Zn2+, 

producing stronger Coulombic repulsions.  Thermal treatments were then used to 

induce oxygen vacancies in these materials, where electrons could be doped into the 

conduction band and increase the observed electrical conductivity.  The carrier density, 

mobility and conductivity were multitudes higher in InGaZnO4 than in InGaMgO4, but 

both samples had much lower performance than tin-doped indium oxide.  Orita et al. 

described that the morphology and depth of oxygen vacancies could be cause for the 

conductivity differences between InGaZnO4 and InGaMgO4, but did not perform those 

studies.  It was also determined that the structural difference between the cubic In2O3 

and the hexagonal InGaM2+O4 was the major hindrance for the InGaM2+O4 

conductivity; the mobility of a cubic structure is less effected by crystal orientation in 

comparison to that of a hexagonal layered system with a specific conduction pathway 

[56]. 

Following their work concerning the optical properties of these materials, Orita 

et al. calculated the electronic structure of InGaZnO4, on the premise that the Zn2+ ions 

in this material had a similar local structure of ZnO, which is a known TCO [27].  

Although the experimental data concerning InGaZnO4 has specified that Ga3+ and Zn2+ 

are disordered in the double trigonal bipyramidal layer, the theoretical work by Orita 

et al. and Kahn et al. show that the most relaxed structure involves Zn2+ in a tetrahedral 
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coordination alternating with 5-coordinate Ga3+.  Regardless of this discrepancy, the 

Ga 4s and Zn 4s bands were found to be too high in the electronic structure to be doped 

with electrons, but the In 5s orbitals have a high degree of overlap at the edge of the 

conduction band [27,28].  These studies verify that the double TBP layer does not have 

a large contribution to the conductivity of these materials, however the anisotropic In3+ 

Oh layer is a relatively efficient conduction pathway.  In comparison, the initial 

theoretical work by Medvedeva et al. found that both Ga3+ and Zn2+ were located in a 

tetrahedral coordination, but they later reported that the previous description was 

incorrect and that both Ga3+ and Zn2+ were 5-coordinated [57–59].  The majority of 

their work was focused on determining the conductivity mechanism of InGaZnO4, and 

through experimental and theoretical studies determined that oxygen vacancies were 

not the primary carrier source.  They found that the major electron donator was an 

antisite of GaZn which was heavily compensated by In3+ vacancies [59].  

The physical properties of LnFe2O4 have been extremely interesting to those 

both in Solid State Chemistry and Physics communities, especially concerning the 

possible charge ordering of Fe3+ and Fe2+ in the trigonal bipyramidal double layer.  

Numerous studies have been completed in recent years to analyze both the dielectric 

and magnetic mechanisms that occur in these materials, specifically LuFe2O4 [60–67].  

A recent review by M. Angst compiles and discusses that collection of work, so it will 

not be reported here [68].   

The physical properties of polycrystalline and single crystal samples of ErFe2O4 

have also been studied, where it was found that the dielectric properties were highly 

dependent on the magnetic phase of the material [69,70].  The polycrystalline samples 



26 
 

were synthesized to have degrees of oxygen deficiencies, given that the concentration 

of Fe3+ and Fe2+ is dependent on the oxygen stoichiometry.  As hypothesized by the 

authors, the large dielectric constant for all samples was consistent with the 

spontaneous polarization of the magnetic phase below 250 K.  The dispersion intensity 

was found to be great increased with an increased oxygen deficiency, leading to the 

conclusion that dispersion is the result of electron hopping between the Fe3+ and Fe2+ in 

the TBP site [69].  Similar to the polycrystalline sample, the single crystalline sample 

also showed a high dielectric constant, on the magnitude of 104, and Debye-type 

frequency dependence [70].  As previously mentioned, the AM2O4 structure produces 

highly anisotropic physical properties, which was consistent with this work of Ikeda et 

al. 

Although the interactions between the Fe3+ and Fe2+ resulted in extremely 

interesting physical properties, it often hindered the fundamental understanding of the 

structure–property relationships, as seen in the above mentioned articles.  Substitutions 

into the double layer of the TBP site for either Fe3+ or Fe2+ were completed to further 

analyze the dielectric and magnetic properties of this structural family.   

The neutron diffraction results and magnetism of YbGaCuO4, LuGaCuO4, 

LuFeZnO4, LuGaCoO4 and LuFeCuO4 were reported by Cava et al., where cations of 

various spins were substituted into the triangular TBP lattice [71].  For all measured 

compositions, there was no indication of long-range magnetic ordering from the 

neutron diffraction experiments, but there was additional neutron scattering intensity 

shown as a broad peak at approximately 18° 2θ for LuFeCuO4, LuFeZnO4 and 

LuGaCoO4.  This additional scattering intensity was described to be the result of short-
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range spin glass type ordering at low temperatures, which was verified by the magnetic 

susceptibility and specific heat results.  For LuFeZnO4, the Curie-Weiss fit of the 

magnetic susceptibility gave an extremely low Weiss constant resulting in a large 

frustration factor (f = θW/Tf = 27).  There was also a small amount of hysteresis observed 

between the zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility 

curves, indicating that there are short range interactions at play.  In comparison, the 

magnetic susceptibility for LuGaCoO4 has a much larger difference between the ZFC 

and FC susceptibility curves and a greater decrease in the susceptibility below the 

transition temperature, resembling a characteristic spin glass interaction (f = 6).  For 

LuGaCuO4, no magnetic ordering was observed although a negative Weiss constant 

indicates that there are antiferromagnetic interactions between the Cu2+ sites.  This 

composition showed the largest frustration factor (f =153), where the smallest 

concentration of magnetic ions hinders any possible interaction within the structure.  It 

was also observed that the two triangular lattices (Oh and TBP layers) weakly couple 

depending on the cations present, as in YbGaCuO4, where there is no observation of 

long-range ordering but the frustration factor is decreased to 32 [71]. 

Todate et al. used Monte Carlo simulations to analyze the spin interactions of 

LuFeMgO4, which is described as one of the simplest models for diluted 

antiferromagnets [72].  They determined that the spin interactions along the z direction 

randomly freeze Tf because of dilution and anisotropy factors, but the short range 

interactions maintain a 120° association.  It was also discussed that the short range 

interaction do not change significantly at the freezing temperature, while the long range 

interactions attempt to form a network.  This is an interesting description of the spin 
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glass phase, given that generally there is no long range order associated with frustrated 

systems, especially those with spin “freezing”.  The authors do note that more 

quantitative studies should be completed to thoroughly understand the concentration 

effects that are present in this family of compounds.    

The physical properties of A3+(M3+M2+)O4 were further studied by Yoshii et al. 

through the analysis of A3+Fe2O4, A
3+FeM2+O4 and A3+GaCuO4 (A

3+ = Yb, Lu and In, 

M2+ = Cu and Co) [73,74].  For compositions of A3+Fe2O4 (A
3+ = Yb and Lu), large 

dielectric constants were observed as a result of the charge ordering that is present for 

Fe3+ and Fe2+, which was diluted in the order of A3+Fe2O4, A
3+FeCoO4, A

3+FeCuO4 

and A3+GaCuO4.  The authors discuss that this decrease in dielectric response is related 

to the magnetic properties of the compounds, where the dielectric constant follows the 

spin-only values of Fe2+, Co2+, Cu2+ and Ga3+.  The electron transfer was described to 

decrease with the change in M2+ cation, with the least transfer occurring in A3+GaCuO4 

where there is little-to-no transfer between the Cu2+ and nonmagnetic Ga3+.  This trend 

of the electron transfer was observed through the dielectric, magnetic and conductivity 

studies of these compositions.  The results of the magnetic studies for these 

compositions largely agree with those reported by Cava et al., but the isothermal 

magnetization shows a slight hysteresis loop indicating weak ferrimagnetic behavior, 

not spin glass interactions [71,73].  The subsequent study of InFe2O4, InFeCuO4 and 

InGaCuO4 mirrored these results, although the nonmagnetic In3+ produced a decrease 

in all of the measured properties [74].   

Matsuo et al. also studied the substitution of Cu2+ and Co2+ for Fe2+ in the 

A3+Fe2O4 system, using TEM images to analyze the charge ordering of these materials 
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[75].  This study focused on the compositions of LuFe2O4, YbFe2O4, LuFeCuO4 and 

YbFeCoO4.  The selected-area electron diffraction (SAED) patterns comparing 

YbFe2O4 to YbFeCoO4 and LuFe2O4 to LuFeCuO4 show that the replacement of Fe2+ 

drastically effects the ordering of these materials.  For both A3+Fe2O4 compositions, 

there are additional super-lattice reflection spots that are indicative of 3D charge 

ordering.  The super-lattice reflections are not present in YbFeCoO4 or LuFeCuO4; 

YbFeCoO4 showed diffuse honeycomb ordering of Fe3+/Co2+ and LuFeCuO4 showed 

a “zig-zag” arrangement of Fe3+/Cu2+ in the triangular lattice.  The Fe3+/Cu2+ domains 

were determined to be approximately 5 – 10 nm in size, but the Fe3+/Co2+ domains 

could not be resolved [75].  Long range order was not observed for either of these 

substituted compositions.  

 

1.2.3 Physical properties of (A3+M 3+O3)2(M 2+O) where A3+ = In, Lu, Y, Yb, M 3+ = 

Fe, Ga and M 2+ = Cu, Zn   

 

The two most studied compositions in the A2M3O7 family of compounds are 

Lu2Fe3O7 and Yb2Fe3O7, similar to that of the AM2O4 system.  Single crystalline 

samples of Lu2Fe3O7 have been thoroughly investigated by Iida et al. and Tanaka et al. 

in an effort to understand the ordering mechanism of these magnetic materials [76–78].  

There are multiple factors that increase the complexity of these compounds: typical 

triangular frustration of the Fe3+ in the single TBP layer, anisotropic triangular 

frustration of Fe3+/2+ in the double TBP layer, and the charge ordering of the Fe3+/2+ in 

the double TBP layer.   
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Through these studies it was determined that there are two types of ordering 

that occurs in this composition, one Ising-like in the double layer and one Heisenburg-

like in the single layer [78].  As a result of the triangular arrangement, the single layer 

of Fe3+ is capable of antiferromagnetically ordering, but the spins are oriented at 

approximately 120° to minimize the geometric frustration.  The TBP layer containing 

both Fe3+ and Fe2+ follows an Ising spin arrangement, where the anisotropy allows for 

the alternating Fe3+ spins to align 180° from each other.  This is the same observation 

that is found for the AFe2O4 compositions previously discussed.   

There are three apparent magnetic transitions for Lu2Fe3O7: above 230 K 

(paramagnetic), between 230 K and 60 K (ferrimagnetic ordering of the double layer), 

and below 60 K (antiferromagnetic ordering from the single layer) [76].  The magnetic 

transition at 230 K is similar to that of LuFe2O4, demonstrating that the Fe3+ and 

Fe2+ are ferrimagnetically ordering in the double TBP layer.  The neutron diffraction 

and Mӧssbauer spectroscopy studies verify that the single TBP layer does not 

participate in the magnetic ordering until 60 K, where the frustration of the triangular 

lattice is slightly compensated.  The authors also state that there is indication of 

interactions between the two TBP layers but further studies are in progress.  In addition 

to these studies, a review of the Mӧssbauer spectroscopy experiments for LuFe2O4, 

YFeMnO4 and Lu2Fe3O7 was provided by M. Tanaka [77]. 

The dielectric and magnetic properties of Lu2Fe3O7 were further studied by Qin 

et al. through a substitution of Mg2+ for Fe2+ in both Lu2Fe3O7 and LuFe2O4 [44].  X-

ray absorption near-edge spectroscopy (XANES) was used to confirm that the Mg2+ 

was being substituted into the system without a change in oxygen stoichiometry, as 
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observed by an increase in the average iron oxidation state.  The addition of non-

magnetic Mg2+ produced a decrease in the observed magnetic transition temperature 

for both solid solutions, but there was a greater decrease observed for LuFe3+Fe2+
1-

xMgxO4.  This is explained through the magnetic interactions between the two types of 

layers for Lu2Fe3O7, where the dilution of Fe2+ is less significant because there is 

additional single/double layer interactions that add to the magnetization.  The degree 

of magnetization also decreases with the increase of Mg2+, but this appears to be 

consistent between the two solid solutions.  The authors state that the addition of Mg2+ 

could affect the electron hopping energy between Fe3+ and Fe2+, leading to a decrease 

in the dielectric response compared to Lu2Fe3O7 and LuFe2O4.   TEM experiments were 

used to verify that Mg2+ did disrupt the charge ordering in these systems, but this was 

again found to be much more evident in LuFe2O4 compared to Lu2Fe3O7 [44]. 

Qin et al. also studied the structure–property relationships of polycrystalline 

Yb2Fe3O7 in comparison to Lu2Fe3O7, where the magnetic Yb3+ was hypothesized to 

effect both the magnetic and dielectric properties of this material [54].  The coherence 

length of the Fe3+/2+ charge ordering was found to be shorter than that of Lu2Fe3O7, 

which was described to be the result of inter-layer spin-charge coupling effects.  The 

coupling of the YbO6 layer with the single and double TBP layers was also observed 

as a decrease of the magnetic transition temperature and additional low temperature 

anomaly that is not observed in the Lu3+ composition.  The dielectric constant of 

Yb2Fe3O7 was comparable to both AFe2O4 and Lu2Fe3O7, but the temperature and 

frequency dependence contained different features.  The authors state that further 



32 
 

analysis of the dielectric properties for AFe2O4 and A2Fe3O7 compositions is needed to 

understand the origin of the large dielectric constants of these materials. 

A comparison of the structural and electrical properties of InGaCuO4 and 

In2Ga2CuO7 was completed by Cann et al. [79].  Although analogous transitions in the 

conductivities were observed, the conductivity of InGaCuO4 was found to be 30 times 

greater than that of In2Ga2CuO7 as a result of the greater concentration of copper in the 

TBP site.  The dielectric data indicated the presence of a mobile charged species, and 

the polarization was described to be the result of grain boundaries given that the 

samples were polycrystalline.  From calorimetry experiments it was discovered that 

these materials have a second-order transition at approximately 220 K, possibly 

resulting from magnetic ordering of the Cu2+.  The authors state that further studies 

must be completed in order to understand the second-order transition in relation to the 

magnetic properties of these materials. 

 

1.3 Conclusion 

 

It is apparent that there is limited data reported concerning the structure–

property relationships of (InM3+O)(M2+O) and (InM3+O)2(M
2+O) compounds, with the 

exception of transparent oxide applications.  This thesis focuses on understanding the 

physical properties of the YbFe2O4 family of compounds with the nonmagnetic In3+ 

located in the octahedral layer.  The cations of Al3+, Fe3+, Ga3+, Co2+, Cu2+, Mg2+ and 

Zn2+ were chosen to be substituted into the trigonal bipyramidal layers in order to 
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complete a systematic study based on ionic size and electronic configuration 

differences.  The solid solutions between appropriate end members have allowed for 

the structural parameters to be analyzed with respect to the interesting physical 

properties observed.  In the following chapters, these compositions will be investigated 

using X-ray and neutron diffraction, in addition to dielectric, optical and magnetic 

studies.  
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CHAPTER 2 

 Experimental Methods of Analysis 

 

2.1 Introduction 

 

Accurate data acquisition is paramount for scientific discoveries and for the 

development of the scientific community.  It is a constant goal of those in the research 

sciences to further develop instruments with lower limits of detection, fast yet precise 

methods and the ability to analyze multiple properties simultaneously.  As a result of 

this instrumental focus, I believe that a discussion of the experimental techniques and 

the theory of those techniques is vital for a thorough understanding of the acquired data.  

The majority of solid state chemists would agree that diffraction is one of the most 

necessary analysis techniques, giving a fundamental understanding of the structural 

interactions for a crystalline material.  In addition to the structural analysis of a 

material, physical property measurements such as optical spectroscopy, capacitance 

measurements and magnetometry are imperative for a comprehensive discussion.  The 

samples in the subsequent chapters are bulk polycrystalline oxides that were 

synthesized through standard solid state chemistry techniques, so this chapter is 

focused on the techniques specific to the included studies.  
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2.2 X-ray and Neutron Diffraction 

 

As described, diffraction techniques are one of the most fundamental methods 

of characterizing various types of crystalline materials.  Diffraction techniques can be 

used to determine sample composition, structural characteristics (unit cell parameters, 

atomic positions, etc.), defect concentrations and crystallite size or shape.  Although 

single crystal diffraction is a common and highly resourceful method of analysis, only 

powder X-ray and neutron diffraction will be discussed because of the samples used in 

these studies.  Powder diffraction is a powerful method of analyzing the crystal 

structure of a material, and it can be accomplished through the use of X-rays or neutrons 

depending on the desired information.   

The wavelength of X-rays are on the same scale as interatomic distances [1], 

providing a highly effective method of quickly identifying the phases present in a 

sample.  Given that X-rays interact with the electron cloud of an atom, the intensity of 

interactions is dependent on the atomic number, Z.  This allows for heavier elements 

such as metals to be accurately modeled, but in comparison lighter elements such as 

oxygen are relatively transparent.   

For crystalline materials, the simplest repeating unit is translated in the structure 

through various symmetry operations.  This repeating pattern allows for a relationship 

between the X-ray wavelength and the interplanar spacings to be determined, shown in 

Figure 2.1.  As the incident X-rays interact with the crystalline lattice, elastic scattering 

occurs and the diffracted X-rays of the same wavelength combine either constructively 

or destructively.   
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Figure 2.1 Schematic of Bragg’s Law in relation to a 2D lattice.   

 

Bragg’s Law states that constructive interference can only occur when the specific 

geometry of  

nλ = 2dsinθ 

is satisfied [1]. 

This generally is accomplished by varying the angle of incidence, θ, and fixing 

the incident wavelength, λ.  If these two parameters are known, it is possible to calculate 

the interplanar spacing, d, of the crystal structure.  The angle of incidence probes the 

atomic interactions of a specific crystallographic plane (described by Miller indices 

hkl) at incremental values.  Polycrystalline samples are comprised of a multitude of 

individual crystallites, and the random orientation of crystallites in the powder allows 

for all crystallographic planes to be analyzed in one experiment.   
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The result of this experiment is an X-ray diffraction (XRD) pattern where the 

constructive interference appears as a reflection (peak) and the destructive interference 

does not, producing the background of the measurement.  Once the d spacing is 

determined, structural parameters such as the unit cell lattice constants and angles can 

be evaluated.  This is dependent on the crystal symmetry, and allows for the positions 

of the characteristic reflections to be calculated on a 2θ scale.  A comparison of the 

theoretical and calculated reflections allows for a thorough analysis of the crystal 

system, and provides insight for further analysis of the physical properties. 

All XRD patterns found in this work were collected using a Rigaku Miniflex II 

diffractometer over 5 – 80° 2θ using Cu Kα radiation (λ = 1.54 Å) and a graphite 

monochromator on the diffracted beam, Figure 2.2.  For the production of X-rays, a 

beam of electrons is accelerated from a heated tungsten filament toward an anode 

through a large voltage (V >10kV) and is directed toward a copper metal target on the 

anode.  X-rays are generated from the incident electrons striking the Cu plate, which 

ionizes some of the Cu core electrons.  The outer orbitals then release an electron to 

occupy the 1s vacancy, and the resulting energy given off is X-ray radiation with a 

characteristic X-ray spectrum [1].  The X-rays are directed through a Be window 

toward the sample to be measured. A graphite monochromator is used to absorb the 

undesirable Kβ wavelengths, so only the Kα wavelengths are exposed to the sample. 

The Rigaku MiniFlex II operates at fixed tube voltage of 30 kV and a fixed tube output 

current of 15 mA [2].     
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The Rigaku Miniflex II utilizes a 6-sample changer for fast scan measurements 

(scans where the 2θ variation is >2°/min) when the main objective is phase 

identification.  However, for analysis of the unit cell parameters and structural 

refinements, a more time intensive scan is necessary.   

 
Figure 2.2 a) Rigaku Miniflex II exterior. b) Interior of sample chamber illustrating the 

geometry of the X-ray tube, sample holder and detector.  

 

This means that the 2θ increment is decreased and is slowly advanced allowing each 

reflection to reach its maximum intensity, and the d spacing to be more accurately 

determined.  These parameters affect not only the peak shape which relates to the 

crystallite size and lattice strain, but also unit cell parameters which are directly 

dependent on d spacing and 2θ position.   

Neutron diffraction is based on the scattering of incident neutrons off the 

nucleus of an atom, and therefore it is not dependent on the atomic number, Z.  This 

allows for lighter elements such as oxygen to be analyzed, making it the perfect 

technique to supplement XRD in the structural study of oxide materials.  The samples 
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from this body of work were analyzed at the Spallation Neutron Source (SNS) at Oak 

Ridge National Lab in Oak Ridge, TN using the POWGEN (BL – 11A) neutron powder 

diffractometer [3].  Neutrons can be produced by two methods, through nuclear fission 

in a reactor or through spallation when high energy protons strike a target.  At SNS, the 

spallation source has a mercury target, and moderators of water or liquid hydrogen are 

used to bring the neutrons to an appropriate temperature.  Unlike XRD where there is 

a constant λ and 2θ is varied, Time-of-flight (TOF) neutron diffraction utilizes a fixed 

2θ position and varying wavelengths of the pulsed incident neutrons [4].  There is also 

a smaller neutron flux compared to the X-ray flux of a laboratory X-ray diffractometer, 

so a larger sample size and longer experiment times are necessary for appropriate 

diffraction intensities. 

TOF neutron diffraction is a major contributor to the complete structure 

determination of an oxide, particularly if the material is comprised of heavy and light 

atoms.  Although the diffraction intensity is often lower than that for XRD, neutron 

diffraction provides a stronger signal at low d spacings, providing important structural 

data that is difficult to retrieve from an XRD pattern.  To analyze either XRD or TOF 

neutron diffraction data, the GSAS program and EXPGUI user interface uses a least-

squares analysis to model the experimental data [5,6].  Once the unit cell lattice 

parameters and profile parameters have been refined using the Le Bail method, further 

structural information can be determined through a Rietveld refinement [7,8].  Both the 

Le Bail and Rietveld methods are popular full pattern techniques for determining the 

structural parameters of a polycrystalline material.  The Le Bail method assigns 
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arbitrary peak intensities while refining the hkl peak positions for a given space group 

to calculate unit cell parameters, background, and peak profile parameters.  The 

Rietveld method allows for the polycrystalline structure to be further analyzed by 

refining the atomic positions, occupancies and atomic displacement parameters. The 

experimental setup of the Rigaku Miniflex II lends itself sufficiently for Le Bail 

refinements where the main priority is determining the unit cell lattice parameters, but 

not for a Rietveld refinement.  TOF neutron diffraction provides a larger number of 

data points in a shorter length of time, lending to better structure determination by 

Rietveld method.   

 

2.3 Optical Properties  

 

For powder samples, diffuse reflectance is an excellent method of probing the 

electronic transitions of a material that is neither destructive nor time-consuming.  

When a sample is illuminated with a light source, a small percentage of the energy will 

be absorbed, but the majority of the light will be reflected through specular reflection 

and diffuse reflection, shown in Figure 2.3.   

 

Figure 2.3 Illustration of diffuse reflection experiment. 
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The diffuse reflectance is defined as the energy that is scattered within the 

sample and returned to the surface; the remainder of the superficial scattered light is 

the specular reflection [9].  The specular reflection commonly affects the band shapes 

and relative intensities of the diffuse reflectance spectrum, which can be alleviated 

through proper sample technique.  The Kubelka-Munk equation is then used to convert 

the collected reflectance data into absorbance, and is provided below [9,10].   

f(R) = 
(1-R)

2

2R
 

The plotted absorbance as a function of electron volts, eV, or wavelength, nm, 

gives a characteristic pattern which is generally dependent on the electron occupation 

of orbitals and can provide approximate band gap magnitudes.  The band gap (Eg) of a 

semiconductor is defined by the difference in energy between the bottom of the empty 

conduction band (Ec) and the top of the full valence band (Ev), shown in Figure 2.4 

 

Figure 2.4 Schematic of a direct bandgap insulator/semiconductor, illustrating the 

conduction band, valence band and band gap.   
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Diffuse reflectance experiments over the UV-vis wavelength region were 

performed in David McIntyre’s lab in the OSU Physics Department.  The samples in 

these experiments were analyzed using an Ocean Optics HR-4000 spectrometer with a 

bifurcated (Y-shaped) optical fiber assembly with scanning monochromator and a CCD 

array detector [10].  For the UV-vis measurements, the samples were scanned from 250 

– 900 nm using a deuterium tungsten halogen light source and normalized using a 

standard sample of MgO for the reference.  

 

2.4 Dielectric Properties 

 

Dielectric materials are electrical insulators that are often used as capacitors or 

insulators in electronics, where a material must have a high dielectric strength and low 

dielectric loss.  High dielectric strength is the ability of a material to withstand a large 

potential differential without degrading and allowing conduction, and low dielectric 

loss indicates that the loss of electrical energy is minimized when the material is placed 

in an alternating field [11].  When a voltage differential is applied to a dielectric 

material, a polarization of charge occurs, but the polarization disbands when the voltage 

is removed.  There are four contributions to the polarization of a material: electronic, 

ionic, dipolar and space charge [11,12].  Electronic polarization occurs in neutral atoms 

where an external electric field induces a shift of the positive nucleus toward the electric 

field and a shift of the electron cloud opposite the applied field.  This slight 

displacement and separation of charge results in a dipole moment and is termed 

polarization.  Ionic and dipolar polarization are the result of similar phenomenon, but 
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in relation to ions or dipoles in a solid, respectively.  Space charge polarization occurs 

in materials that are not perfect dielectrics, because there is a larger migration of charge 

that occurs through the solid.  The polarization present in a material is dependent on 

the material being studied and the frequencies at which the experiment is completed 

[11,13]. 

The degree of polarization is experimentally analyzed using a parallel plate 

capacitor setup, shown in Figure 2.5, by measuring the capacitance of the material and 

then deriving the relative permittivity (εr).  In this configuration, the capacitance (C0) 

of free space is defined as 

C0=
ε0A

d
 

where ε0 is the permittivity of free space, 8.854 × 10-12 Fm-1, A is the area of the plates 

and d is the thickness of the sample pellet [11].  When a voltage (V) is applied to this 

system, a charge is stored on the plates (Q0), which is defined by the capacitance 

multiplied by the voltage. The addition of a dielectric into the system increases the 

amount of stored charge (Q1) and as a result increases the capacitance (C1).   

 

Figure 2.5 Parallel plate capacitor setup, illustrating the polarization of a dielectric 

material with a potential differential.  
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The relative permittivity of the material, or the dielectric constant, can then be 

defined as 

𝜀𝑟= 
C1

C0

 

and is directly related to the polarization of the sample [11–13].  Physically, something 

that is not stable with the charge displacement will have a low dielectric constant, such 

as εr ≈ 1 for dry air at 1 kHz.  In comparison, transition metal oxides tend to have high 

dielectric constants, one example being BaTiO3 that has a dielectric constant of 103 at 

100 Hz [11].   

In addition to the dielectric constant, the dielectric loss is influential to the 

future application of the material.  In a perfect dielectric, the current leads the voltage 

at a 90° angle when an alternating current is passed through the material.  In this case, 

the mechanism for polarization in the material is able to instantaneously align and stay 

in phase with the changing field.  However, most dielectrics are unable to stay in phase 

with the changing field and thus experience a phase lag. When a phase lag occurs 

electrical energy is lost (or absorbed by the material) in the form of heat.  This phase 

lag changes the angle of leading current by δ, resulting in the dielectric loss term, tan 

δ.  As described previously, a perfect dielectric material will have both a high dielectric 

constant (εr) and low dielectric loss (tan δ) [11–13]. 

Capacitance and loss tangent measurements were performed on HP 4284 LCR 

meter using a home-made parallel plate capacitor setup, shown in Figure 2.6.  In order 

to form the parallel plate capacitor, electrodes were formed on the surfaces of the 

samples using a silver paint in n-butyl acetate.  For each sample, the Ag paint was cured 
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at ~90 °C for several hours.  Before measurements were completed, an open (air) and 

short (copper pellet) correction was performed to normalize the instrument to the 

approximate sample thickness.  Capacitance measurements were performed with 

parallel plate setup at fixed frequencies of 1, 10, 100, 500, 1000 kHz from 30 – 180 °C. 

 

Figure 2.6 a) Home-made parallel plate capacitor setup. b) HP 4284 LCR meter. c) Side 

view of parallel plate capacitor setup with copper pellet in place.  

 

2.5 Magnetic Properties 

2.5.1 Introduction to Bulk Magnetism 

 

Magnetic properties have been observed for thousands of years, witnessed 

originally from the attraction of mineral fragments of magnetite, Fe3O4.  The Greeks 

knew this mineral by the name “Magnesian stone” because it was mined in the land of 

Magnesia, and they were deeply interested in the mysterious property of magnetic 

induction [14].  It was written by Plato 
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“…that stone which Eurpides called Magnesian… The stone 

not only attracts iron rings, but also imparts to them a similar 

power of attracting other rings, so that you may get a long 

chain of pieces of iron and rings clinging to one another, all 

of them deriving their power of suspension from the original 

stone.  In the same way, the Muse first of all inspires men 

herself; and from these inspired persons develop chains of 

others, who spread the inspiration.”  

(Plato, Ion 533d) [14]  

 

Although the Greeks were thoroughly interested in magnetism, it appeared to 

be a superficial fascination that did not extend to understanding the science behind the 

phenomenon.  In comparison, the ancient Chinese were known to use a piece of 

lodestone, or magnetized magnetite, for navigation purposes as early as 1088 AD, and 

this compass was first used in Europe in 1187 AD.  In 1600, William Gilbert was the 

first to identify the Earth as a magnet and explain the mechanism of the navigational 

compass, but additional progress toward understanding magnetic properties was not 

made until a relationship between electricity and magnetism was established in 1819 

by Ørsted.  This sparked a number of studies concerning the underlying physics of 

magnetism, leading to the definition of magnetic induction and magnetic fields by 

Michael Faraday in 1831 [14–16]. 

Similar to other methods of polarization, the application of a magnetic field 

produces a magnetic dipole, and the presence of these dipoles results in bulk 

magnetization (M).  The magnetic field inside the material, or magnetic induction of 

the sample (B), is proportional to the applied magnetic field (H) and the magnetization 

of the material, such that  

B = H + 4πM 
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The permittivity of the sample, or degree of magnetization in response to the magnetic 

field, can then be defined as  

P = 
𝐵

𝐻
 = 1+ 

4πM

H
 = 1 + 4πχ 

resulting in the derivation of the magnetic susceptibility (χ).  As an extension of this 

relationship, the molar magnetic susceptibility can then be experimentally determined 

using the following calculation  

χ
m

 = 
M

H × mole of magnetic ion
 

The magnetic susceptibility is an important experimental variable that allows for all 

materials to be related according to their magnetic properties.  The following section 

will detail how the magnetic susceptibility is used to classify the types of observed 

magnetism for a number of magnetic interactions [11,14,17]. 

 

2.5.2 Classification of Magnetic Interactions 

 

All materials exhibit magnetization when exposed to a magnetic field because 

of the interactions between electrons and the applied magnetic field.  In this section, 

six common types of magnetic ground states will be discussed: diamagnetism, 

paramagnetism, ferromagnetism, antiferromagnetism, ferrimagnetism and spin glass 

behaviors.  The two broad classifications of magnetism are diamagnetism and 

paramagnetism, indicating either the absence or presence of unpaired electrons 

(magnetic dipole), respectively.  In a material that has each electron paired as a result 
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of the Pauli Exclusion Principle and Hund’s rules, diamagnetism produces a small 

repulsion of the applied magnetic field and the resulting magnetization and 

susceptibility will be negative [14,17].  Often, materials that do not contain transition 

metals or lanthanide elements will be diamagnetic.  

For paramagnetic materials, the unpaired electrons are randomly oriented in the 

material by thermal excitations until a magnetic field is applied and the electrons 

attempt to polarize in alignment with the field.  This polarization results in a positive 

magnetization and susceptibility, but it is not permanent and is highly temperature 

dependent.  The thermal chaos of the system is greater than the energy gained through 

polarization, leading to the drastic temperature dependence of the random dipole 

orientations.  Pauli paramagnetism is a specific form of temperature independent 

paramagnetism that is observed in metals, but this phenomenon is accredited to the 

itinerant electrons that produce conductivity, and is not pertinent to the studies herein 

[14].  In order to determine the total electron contribution in a system, the spin-only 

approximation of the magnetic moment (μth.) can be determined from the number of 

unpaired electrons present,  

μ
th.

 = g[S(S+1)]1/2μ
B
 

where g is the gyromagnetic ratio for an electron spin (≈ 2), S is the spin contribution 

(½ per electron), and μB is the Bohr magnetron (9.274 x 10-24 J/T).  The spin-only 

approximation is often appropriate for 3d transition metals where spin-orbit coupling 

is not extensive, but a more detailed model must be used for 4/5d transition metals and 
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lanthanides where there is a large amount of spin-orbit coupling [18].  The application 

of this value will be discussed further in a later section. 

When a magnetic field is applied to a paramagnetic sample, the orientation of 

the polarized electrons is often dependent on the crystal structure of the material.  

Before discussing the specific mechanism of the magnetic interactions in transition 

metal oxides, it is best to classify the three types of cooperative magnetic behavior that 

can result in short range or long range ordering of the dipoles.  For most solids at low 

temperatures, neighboring dipoles will orient antiparallel to each other in response to a 

magnetic field.  If the magnetic ions are located in crystallographically equivalent sites, 

then the neighboring dipoles will compensate each other, and the magnetization will be 

eliminated.  This condition is termed antiferromagnetism (AFM), and the temperature 

at which the antiferromagnetic coupling overcomes the thermally induced 

paramagnetism is labeled the Néel temperature, TN.  At high temperatures, an 

antiferromagnet will exhibit paramagnetic behavior because the thermal energy is 

greater than the exchange or “spin flip” energy.  When the material is cooled below the 

TN, the dipoles begin to orient antiparallel to each other and the magnetization is 

decreased, theoretically down to zero at 0 K [14,17].   

Ferromagnetism (FM) is a much less common magnetic behavior in solids, but 

it is well understood because of its uses for technology [14,17,18].  This cooperative 

interaction was first observed in metallic iron at room temperature, resulting in the 

name ferromagnet, where all of the spins align parallel to one another.   
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Table 2.1 Classification of magnetic ground states including the transition temperature, 

magnitude of χ and temperature dependence of χ. Adapted from J.P Jakubovics [19]. 

Magnetic 

Ground States 

Transition 

Temperature 

Magnitude 

of χ 
Temperature Dependence 

Diamagnetism 

 

 

 

None -10-3 

 

Paramagnetism 

 

None 1 

 

Antiferromagnetism 

 

Néel  

temperature,  

TN 

≤ 0.1 

 

Ferromagnetism 

 

Curie  

temperature,  

TC 

107 

 

 

This magnetic behavior is only observed in four elements at room temperature, Fe, Co, 

Ni and Gd [18].  The majority of ferromagnetic materials generally exhibit 

paramagnetism at relatively high temperatures due to thermal energy.  As the 

temperature of the sample is lowered, the activation energy for cooperative alignment 

can be reached, known as the Curie temperature (TC), and the magnetization increases 

until saturation.  Saturation occurs when all dipoles in the system have been aligned 

parallel to the field, defined as 
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Msat.= NAμ
eff.

μ
B
 

where NA is Avagadro’s number (6.02 x 1023) and μeff. is the effective (experimental) 

magnetic moment [14,18]. 

In materials that contain two elements with different magnetic moments on 

equivalent crystallographic sites, ferrimagnetism is often observed.  As with 

antiferromagnetism, the nearest neighbor dipoles are aligned antiparallel to each other, 

but the unequal moments do not allow for complete spin compensation.  This produces 

a net magnetization in one direction, leading to observations similar to that of 

ferromagnetism.  A summary of the four main magnetic behaviors is provided in Table 

2.1.  There is little, if any, direct orbital overlap between two cations in a transition 

metal oxide, so the production of any magnetic interactions must come from another 

mechanism.  Depending on the covalency of the bonds and the degree of cation-anion 

orbital overlap, the super exchange of an electron can occur according to the Kramer-

Anderson-Goodenough-Kanamori Rules (Figure 2.7).   

 

Figure 2.7 Schematic of super exchange interactions that produce a) antiferromagnetic 

interactions and b) ferromagnetic interactions. 
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This super exchange interaction is defined by an electron covalently transferred from a 

2p oxygen orbital to a 3d transition metal orbital, allowing for the AFM or FM 

interactions to be observed depending on the M-O-M bond angle [14,17,18].   

It is important to remember that a magnetic transition will only occur if long 

range ordering of the magnetic dipoles is energetically favorable.  In other words, the 

exchange energy (J) necessary to orient the electrons in a particular fashion must be 

greater than the thermal energy of the system.  The transition temperature is the 

temperature at which this occurs, and is evidence of long range ordering throughout the 

material.  The absence of a distinct transition temperature could indicate that only short 

range interactions are at play, which could be limited by frustration in the structure.  

Any time that the electron dipoles cannot easily order because of geometric or 

compositional limitations, the dipoles become “frustrated” because they do not have 

one energetically favorable ground state. 

The magnetic ground states discussed above are only achieved if there is both 

a low amount of frustration and a low level of disorder in the crystal structure.  If the 

opposite is true, where a material has high levels of frustration and disorder, then it is 

extremely likely that the material will exhibit spin glass (SG) behaviors [20–27].  

Geometric frustration is well known for systems that contain corning-sharing triangular 

lattices, like in the 2D triangular layers of the AM2O4 and kagome structures or in the 

3D configuration of the pyrochlore structure [24–27].   The addition of disorder in these 

structures, such as with doping or vacancies, increases the frustration in the system and 

hinders the ability for long range order to occur.   
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As the temperature of a SG is decreased, the dipoles attempt to orient 

themselves to produce long range order through the system, but the disorder and 

geometric frustration restricts the ordering to small domains in the sample.  Below the 

freezing temperature, Tf, these domains are “frozen” in place.  Spin glasses are still 

considered to be a highly complicated area of magnetism, and there are a number of 

physical properties that must coincide for a material to be classified as a spin glass.  

These experimental methods have been employed in the subsequent chapters, and will 

be discussed in the following section.   

 

2.5.3 Data Analysis and Modeling of Magnetic Interactions  

 

It has been discussed that random orientation of dipoles for a paramagnet is 

extremely temperature dependent.  This temperature dependence can be utilized for the 

quantitative analysis of paramagnetic materials, or in the paramagnetic region of 

ordered materials well above the ordering transition temperature.  The three most 

applicable models for analysis are the Curie law, the Curie-Weiss law and the modified 

Curie-Weiss law.   

The Curie law is the simplest relationship for describing the temperature 

dependence of the magnetic susceptibility, written as 

χ = 
C

T
 

where C is the Curie constant.  The Curie constant is representative of the atomic 

species in the sample, and it is implemented in the determination of the effective 
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magnetic moment (μeff.) for a material.  As a measure of merit, a comparison of the 

effective and theoretical moments is used to validate the applied model.  Quantitatively, 

the μeff. is determined through the following relationship,  

C = 
NAμ

eff.
μ

B

3k
 

where k is Boltzmann’s constant (1.381 × 10-23 m2kgs-2K-1).  This relationship can be 

simplified to read 

μ
eff.

 = 2.84√C 

The inverse temperature dependence can be understood through Maxwell-Boltzmann 

statistics, where the Boltzmann energy (kT) is greater than the magnetic potential 

energy [14].   The Curie law is only applicable when the dipole interactions of a sample 

can be neglected and kT is much greater than the magnetic potential energy of the 

system, but this is rarely the case in solid state structures.   

To account for the dipole interactions that occur in many oxide materials, the 

Curie-Weiss (CW) law must be implemented.  The CW law is defined as 

χ = 
C

T - θW

 

where C is the Curie constant and θW is the Weiss temperature.  The Weiss temperature 

is characteristic of the dipole interactions within a structure, and it indicates the 

temperature at which the system is expected to order.  The sign of θW defines whether 

the system is expected to antiferromagnetically or ferromagnetically order, and the 

absolute value of θW indicates the strength of the dipole interactions.  As with the 

previously discussed exchange energy, J, the θW is typically negative for AFM 
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interactions and positive for FM interactions.  It is important to note the difference 

between J and θW; while they provide similar information about the system, J is the 

theoretical exchange energy purely based on quantum mechanical calculations and θW 

is the theoretical exchange energy calculated from the experimental paramagnetic 

region using the Curie-Weiss law.  So although θW is describing a theoretical parameter, 

it is still considered to be an experimental variable.  It will be observed in later chapters 

that the presence of a Weiss temperature does not promise the presence of a long range 

order transition, or that the observed transition temperature will coincide with the Weiss 

temperature.   

The CW law is only applicable in the paramagnetic region of a material far 

above the transition temperature.  The paramagnetic region of a magnetic susceptibility 

curve is defined as the linear temperature range of the inverse susceptibility curve, as 

shown in Table 2.1.  From that linear relationship, the inverse of the CW law can be 

used to extract the Curie and Weiss constants: 

1

χ
 = 

1

C
T + 

θW

C
 

The Curie constant is then determined from the inverse of the slope and the Weiss 

constant is the experimental x-intercept, or the y-intercept multiplied by C.  This slope-

intercept form also allows for a simple determination of the effective magnetic moment, 

where 

μ
eff.

 = 2.84√1
slope⁄  
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The Curie-Weiss law is considered to be the most accepted analysis method for 

magnetic materials, but like many models, this relationship must be implemented with 

caution.  The CW law is chosen when the simple Curie relationship is an unsatisfactory 

description of the experimental temperature dependence, often observed as temperature 

dependence in C.  So although the CW law is an appropriate relationship for many 

systems, an understanding of the structural model must be used to verify the accuracy 

of the extracted magnetic parameters [14].   

The modified Curie-Weiss law is an obvious extension of the CW law, where 

it is necessary for additional magnetic contributions to be considered.  This model is 

commonly used for materials that have an extensive contribution from the diamagnetic 

core electrons or strong spin-orbit coupling interactions [14].  The modified CW law is 

commonly defined as 

χ = 
C

T - θW

 + χ
0
 

where χ0 is the temperature independent contribution to the magnetic susceptibility.  

This temperature independent contribution is generally negative for diamagnetic 

contributions and positive for paramagnetic contributions, such as spin-orbit coupling. 

The majority of the magnetic measurements performed for this thesis were 

achieved using a Quantum Design Physical Property Measurement System (PPMS) 

using the AC/DC Magnetometry System (ACMS) for DC magnetization and AC 

susceptibility, Figure 2.8.  The ACMS coil set, Figure 2.9a, is inserted into the main 

dewar chamber and connected to the instrument via a 12-pin connector at the base of 

the sample chamber. The sample is loaded in a polycarbonate straw and is oscillated 
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vertically through the coil set by the DC servo motor.  Thus, the sample should be 

tightly packed in a capsule in powder form, Figure 2.9b. 

 

Figure 2.8 Quantum Design Physical Property Measurement System (PPMS). 

 

 

Figure 2.9 a) QD PPMS ACMS coilset. b) Example of proper sample preparation, with 

the powder tightly packed in a capsule and then stabilized in a polycarbonate straw 

using cotton.  
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The first measurement that should be completed for any compound is the DC 

magnetization as a function of temperature.  For this experiment, an applied field 

induces a magnetization in the sample that is detected by the ACMS coil set as an 

induced voltage.  The amplitude of the voltage signal is thus related to the magnetic 

moment and the speed of vertical movement for a given extraction.  It is necessary to 

locate the sample using a single point DC extraction, which allows the instrument to 

correct for the sample displacement when the DC servo motor is engaged [28].  The 

PPMS at Oregon State University utilizes a superconducting magnet capable of 

magnetic fields as high as 9 Tesla, however an applied field of 0.1 – 1 Tesla is generally 

sufficient for temperature dependent measurements.  

When determining the experimental parameters for a sequence, it must be 

decided whether the experiment should be completed as zero-field-cooled (ZFC) or 

field-cooled (FC).  If the ZFC option is chosen, then the sample is cooled down to the 

desired temperature and the magnetic field is applied after it has reached this 

temperature.  The magnetization of the sample is then measured with the applied field 

and it is slowly warmed to room temperature.  The FC experimental option requires 

that the magnetic field is applied while the sample is at room temperature, then the 

sample is cooled in the applied field, and again the magnetization is recorded as the 

sample is warmed from the desired low temperature back to room temperature.  For 

most materials, including the compositions studied in this thesis, it is sufficient to 

collect data from 5 – 300 K.  It is important to note that for samples that exhibit AFM 

or FM interactions, there should be no difference in the ZFC and FC DC magnetization 
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curves as a function of temperature.  As seen in the illustrations of Table 2.1, AFM or 

FM transitions are fairly abrupt in the DC magnetic susceptibility curves.  In 

comparison, there will be hysteresis between the ZFC and FC curves for a SG material 

and there will be a broadening of the transition at Tf  [25].  The hysteresis between the 

ZFC-FC curves will be detected as an increase in the FC magnetization magnitude in 

relation to the ZFC curve below Tf.   

In addition to the temperature dependence, the isothermal DC magnetization 

can be measured to resolve the magnetic field dependence of the material.  Remnant 

magnetization, or hysteresis, is a common observation for ferro- and ferrimagnetic 

materials, as a result of the samples stabilizing the ordered phase.  Saturation of a ferro- 

or ferrimagnetic sample can also be observed depending on the analyzed range of 

magnetic field, where the spins are able to be “flipped” with the reversal of the magnetic 

field [29].  For AFM materials, there is often no remnant magnetization or saturation 

below the TN, given that complete spin population is stabilized in the paired orientation.  

If a sample exhibits SG behaviors, then it will have similar characteristics to the AFM 

isothermal magnetization, including no saturation over the measured magnetic field 

range and no remnant magnetization at low applied fields.  

The measurement of the AC magnetic susceptibility is not common for most 

materials, but it is highly effective at defining a spin glass state [30].   In comparison 

to a DC measurement, where there is a linear relationship between the moment and the 

applied field, AC magnetometry measures the slope of the DC magnetic susceptibility 

curve or  
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χ
AC

=
dM

dH
 

where χ
AC

 is the AC magnetic susceptibility.  Experimentally, this susceptibility curve 

is acquired by setting a small AC driving field and measuring the temperature 

dependence with various driving frequencies.  This value is known as the dynamic 

susceptibility, and at larger frequency values the sample may lag behind the driving 

field.  This results in two components of the χ
AC

, a real or “in-phase” component (χ') 

and an imaginary or “out-of-phase” component (χ'') as seen in 

χ
AC

 = √χ'2+ χ''2 

The analysis of χ' and χ'' are imperative for the determination of a spin glass 

phase, because the features present in these experiments are not observed in any other 

experimental method.  The χ' curve is relatively similar to the DC magnetic 

susceptibility, with the exception that the cusp of the freezing temperature has a 

frequency dependence.  This frequency dependence illustrates that the short range 

interactions of a SG can be modulated with alternating frequency, but this is not 

observed for materials that exhibit the stability of long range ordering (AFM, FM or 

ferrimagnetism).   The irreversibility of the SG regions can also be seen through an 

energy dissipation process, resulting in a non-zero value for χ'' below Tf.  
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CHAPTER 3 

 

Effects of substitutions into the TBP site on the physical properties of  

InM3+M2+O4 (M3+ = Al, Fe, Ga; M2+ = Cu, Mg)  

 

3.1 Abstract 

 

Solid solutions of InM3+Cu1-xMgxO4 (M
3+ = Al, Fe, Ga), InGa1-xFexCuO4 and 

InGa1-xFexCu1-xMgxO4 have been synthesized and analyzed through powder X-ray and 

neutron diffraction, dielectric and magnetic susceptibility studies.  This selection of 

cations was chosen in order to complete a systematic study of substitutional influence 

of the trigonal bipyramidal (TBP) crystallographic site of the YbFe2O4type structure.  

All compositions of InGaCu1-xMgxO4 and InGa1-xFexCuO4 are single phase and 

crystallize in the 𝑅3̅𝑚 space group, but a transformation to the spinel  

InM3+MgO4 structure was observed for the other series of Al3+/Fe3+ and Mg2+ − rich 

compounds.  The change in lattice parameters for InM3+Cu1-xMgxO4 were determined 

to be caused by the difference in electron configurations between Cu2+ and Mg2+ and 

not simply the change in ionic radii.  As a result of the similar ionic radii and electronic 

configurations for Ga3+ and Fe3+, there was not a significant change in the lattice 

parameters for InGa1-xFexCuO4.  All hexagonal compositions display negative Weiss 

temperatures, and there is an increase in the magnetic transition temperature with the 

addition of Fe3+.  Additional AC magnetic susceptibility measurements for the x = 0.2, 

0.4 and 0.6 compositions within the InGa1-xFexCuO4 solid solution show that these 

transitions are consistent with spin glass behavior, not long range AFM ordering. 
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3.2 Introduction 

 

Layered oxide materials with the LnFe2O4 – crystal structure (space group 

𝑅3̅𝑚) exhibit a variety of interesting physical properties that can be tuned through 

cation substitutions into the octahedral or trigonal bipyramidal (TBP) sites [1–10].  

Most notably, LuFe2O4 was found to produce ferrimagnetic ordering below 250 K and 

ferroelectric ordering below 330 K [7,8,11,12].  This multiferroic behavior has been 

reported to be the result of the electron transfer between the Fe3+ and Fe2+ ions in the 

crystallographically equal TBP sites [11].  The LuFe2O4 analog has also been 

investigated as a dielectric material because of the polarizability of the cations in the 

trigonal bipyramidal double layers, but the electronic conductivity of the samples 

produced an undesirable increase in the dielectric loss [12].  High resistivity throughout 

the lattice, with regions of polarizability, would be expected to produce a large 

dielectric constant and decreased dielectric loss of the material [8]. 

Isostructural to LnFe2O4, InM3+M2+O4 (M
3+ = Al, Fe, Ga; M2+ = Cu, Mg) is 

defined as a stacking of a single layer of InO6 octahedra and a double layer of 

disordered (M3+/M2+)O5 edge-shared trigonal bipyramids (Figure 3.1) [1–4,13–19].  In 

comparison to the hexagonal AMO3 compounds, the TBP site in InM3+M2+O4 does not 

have equidistant axial M3+/2+–O bonds because of the unequal bonding environments 

between the double (M3+/M2+)O5 layers [20].  Many have reported that the c/a ratios of 

these compounds are directly related to the location of the M2+ cation in the TBP, where 

the c/a ratio increases as the M2+ moves farther from the center to produce a pseudo-
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tetrahedral site [1–4,14].  Although this structural relationship has been discussed for 

the end members of the described solid solutions and a select number of the substituted 

compositions, this is the first study to analyze the structure of intermediate 

compositions in relation to the dielectric and magnetic properties. 

 
 

Figure 3.1 InM3+M2+O4 crystal structure, with a single layer of InO6 octrahedra (grey) 

and a double layer of (M3+/2+)O5 trigonal bipyramids (blue).  Magnification: The M 

cation (blue) is shifted from the basal plane of oxygen (white) because of the unique 

bonding environments of the M3+/2+–O1 and M3+/2+–O2 bonds [9].  

 

Kimizuka et al. has extensively studied the structural relationships of the  

A3+M3+M2+O4 (A
3+ = Ln, Y, In; M3+ = Al, Fe, Ga; M2+ = Cr, Mn, Fe, Co, Ni, Cu, Zn) 

family of compounds and found that the structure of these compounds was commonly 

influenced by the ionic radii of the cations in the octahedral and TBP sites [18,19].  The 

study concluded that, in general, a combination of relatively larger A3+ and M2+ cations 
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would lead to the YbFe2O4 hexagonal structure, whereas the combination of smaller 

A3+ and M2+ cations would lead to the spinel structure.  One anomaly to these 

observations is apparent when comparing the hexagonal InFeCuO4 phase and the spinel 

InFeMgO4 phase, where the ionic radii of Cu2+ and Mg2+
 are 0.65 Å and 0.66 Å, 

respectively [21].  This anomaly can be attributed to the crystal field stabilization for 

Cu2+ in TBP coordination.   

In this chapter, the structural, dielectric and magnetic properties of the  

InM3+Cu1-xMgxO4 (M
3+= Al, Fe, Ga), InGa1-xFexCuO4 and InGa1-xFexCu1-xMgxO4 solid 

solutions have been studied [9,10].  The ions of Al3+ (0.48 Å), Fe3+ (0.58 Å), Ga3+ (0.55 

Å), Cu2+ (0.65 Å) and Mg2+ (0.66 Å) were chosen in order to systematically study the 

impact of the cation electronic configuration and ionic radii in the TBP site [21].   

 

3.3 Results and discussion 

3.3.1 Lattice parameters and structural analysis of InM 3+Cu1-xMgxO4 (M 3+ = Al, Fe, 

Ga) 

 

X-ray diffraction (XRD) patterns of InAlCu1-xMgxO4 (x = 0 – 1) compositions 

are provided in Figure 3.2, were a slight shift of the (00l) reflections is observed.  For 

the compositions of x = 0 – 0.3, all diffraction peaks could be indexed using the 𝑅3̅𝑚 

space group with no impurity phases present, and the results of the single phase Le Bail 

refinements are provided in Figure 3.3.  There is a substantial increase in the c lattice 

parameter as the solid solution progresses, agreeing with the shift in the (00l) 
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reflections, but a limited decrease in the magnitude of the a parameter.  Samples of x = 

0.4 – 1 were attempted using extensive thermal treatments, but diffraction peaks from 

the impurity In2O3, CuO and MgAl2O4 phases could not be eliminated.  Multiphase Le 

Bail refinements of these samples showed a shift in the hexagonal lattice parameters to 

indicate a solid solution of the major InAlCuO4 phase, regardless of the present 

impurity phases.  

 

Figure 3.2 XRD patterns of selected compositions of the InAlCu1-xMgxO4 solid 

solution.  Phase pure samples of hexagonal InAlCu1-xMgxO4 were synthesized for x = 

0 – 0.3, but a mixture of hexagonal InAlCuO4 and impurity phases were present for x 

= 0.4 – 1.  Asterisks indicate impurity phases of In2O3, CuO and MgAl2O4. 
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Figure 3.3 Le Bail lattice refinement of the a (black triangle) and c (blue triangle) axis 

for the InAlCu1-xMgxO4 (x = 0 – 1). Phase pure refinements are indicated by full triangle 

markers, and multi-phase refinements (InAlCuO4, In2O3, CuO and MgAl2O4) are 

shown as marker outlines. 
 

The XRD patterns of InFeCu1-xMgxO4 (x = 0 – 1) are provided in Figure 3.4.  

For the compositions of x = 0 – 0.4, all diffraction peaks could be indexed with the 

same space group, 𝑅3̅𝑚.  The peaks of the diffraction patterns for the compositions of 

x = 0.8, 0.9, and 1 could be indexed with the 𝐹𝑑3𝑚 space group corresponding to a 

spinel phase.  With Mg2+ concentrations of x = 0.5 – 0.7, the peaks of the diffraction 

pattern could be successfully indexed with the use of the two above-mentioned space 

groups, indicating the coexistence of a hexagonal and a spinel phase.  The addition of 

Mg2+ into the TBP site causes a shift in the (00l) peak positions, but when the 

concentration of Mg2+ exceeds x = 0.4, diffraction peaks from the spinel InFeMgO4 

phase coexists with the hexagonal InFeCuO4 phase until x = 0.8.  The a and c 

parameters of the hexagonal InFeCuO4 phase follow a linear trend, shown in Figure 
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3.5, where there is an increase in the c parameter and a small decrease in the a 

parameter.  The solid solution of the hexagonal phase is observed until the Mg2+ content 

reaches x = 0.4.  The a lattice parameter of the spinel phase for x = 0.8, 0.9 and 1 were 

refined to be 8.625(1) Å, 8.647(1) Å and 8.644(1) Å, respectively.  

 
 

Figure 3.4 XRD patterns from selected compositions of the InFeCu1-xMgxO4 solid 

solution.  Hexagonal phase pure samples were synthesized for x = 0 – 0.4, but both the 

hexagonal InFeCuO4 phase and the cubic InFeMgO4 phase are apparent for x = 0.5 – 

0.7.  For x = 0.8 – 1, the InFeMgO4 phase is observed. 

 



73 
 

 
Figure 3.5 Le Bail refinements of the hexagonal a and c lattice parameters for  

InFeCu1-xMgxO4 (x = 0 – 0.7).  Phase pure refinements are indicated by full diamond 

markers, and multi-phase refinements (hexagonal and spinel) are shown as marker 

outlines. 

 

XRD patterns provided in Figure 3.6 show single phase samples of  

InGaCu1-xMgxO4 were successfully produced for Mg content up to x = 0.8.  Multiple 

attempts to reproduce the synthesis of InGaMgO4 reported by Moriga et al. [22] were 

unsuccessful; parasitic reflections from In2O3, Ga2O3 and MgGa2O4 (spinel) were 

observed as reported by Schmitz-DuMont et al. [1].  For compositions with x ≥ 0.7, 

with the exception of x = 0.8, a minor spinel phase of MgGa2O4 was observed, which 

could not be eliminated by further thermal treatments.  As described for the previous 

solid solutions, the XRD patterns indicate a general shifting of the (00l) diffraction 

peaks, and Le Bail refinements demonstrate that both the a and the c cell parameters 

follow a linear trend with increasing Mg2+ content (Figure 3.7).   
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Schmitz-DuMont et al. has previously reported on the structural comparisons 

of the compositional end members, InM3+CuO4 and InM3+MgO4 (M
3+ = Al, Ga) [1].  

They also found an increase in the lattice as Mg2+ was substituted for Cu2+, and assumed 

it was because of a transition of Mg2+ from the TBP coordination to a tetrahedron.  

Based on their structural refinement (space group R3m), the M3+/2+ crystallographic site 

was defined as an elongated octahedra but they state that the observed electronic 

transitions in the spectroscopy data do not match those for an octahedra coordination 

[1].  This coordination has since been verified to be incorrect, but their general 

observations mirror what was observed in this study. 

 
Figure 3.6 XRD patterns of selected InGaCu1-xMgxO4. A systematic shift to lower 2θ 

was observed for each reflection as the magnesium content was increased.  Asterisks 

indicate impurity phases of In2O3, Ga2O3 and MgGa2O4. 
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Figure 3.7 Le Bail lattice refinement of the a and c axis for InGaCu1-xMgxO4 (x = 0 – 

1).  Phase pure refinements are indicated by full square markers, and multi-phase 

refinements (InGaCuO4, In2O3, CuO and MgGa2O4) are shown as marker outlines.   

 

3.3.2 Neutron diffraction study of the nominal composition InGaCu0.6Mg0.4O4 

 

A Rietveld refinement was completed from the Time-of-flight (TOF) neutron 

data collected for a sample of InGaCu0.6Mg0.4O4 in the 𝑅3̅𝑚 space group starting from 

the parameters reported for InGaCuO4 (Figures 3.8 and 3.9) [23,24].  The In and O sites 

were determined to be fully occupied, and then constrained for the completion of the 

refinement.  The M3+/2+ site was constrained to be fully occupied with 50% occupation 

by Ga3+.  The bond angles of the TBP site deviated slightly from ideal values giving an 

umbrella-type arrangement, which is in agreement with the Type II TBP classification 

[25].  The distorted TBP site is shown in Figure 3.1, where the cation in each TBP layer 
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is off set from the basal plane producing one axial bond length to be longer than the 

other.  The structural and geometric parameters are provided in Tables 3.1 and 3.2.  

 
Figure 3.8 TOF neutron diffraction pattern of InGaCu0.6Mg0.4O4 collected at 300 K, 

where the observed intensity (black circle), calculated intensity (red line), background 

refinement (green line), hkl reflections (black dash) and the difference calculation (blue 

line) are provided. 

  

 

Table 3.1 TOF neutron diffraction structure refinement of InGaCu0.6Mg0.4O4
1-4. 

1. Structure refinement completed in the 𝑅3̅𝑚 space group, a = 3.3342(1) Å, c = 

25.151(1) Å, Rwp = 2.56%, Rp = 4.43%, χ2 = 2.901.  

2. The x and y fractional coordinates are 0 for all crystallographic sites. 

3. Based on an occupancy of Ga fixed at 0.50, the occupancies of Cu and Mg refine 

to 0.25(1), and 0.25(1), respectively.  

4. Thermal parameters (U) were multiplied by 100, U11 = U22, U13 = U23 = 0. 
 

  In (3a) M3+/2+ (6c) O1 (6c) O2 (6c) 

z 0 0.2148(1) 0.2918(1) 0.1292(1) 

U11 (Å
2) 0.38(3) 0.61(1) 0.70(1) 1.62(3) 

U33 (Å
2) 1.15(4) 0.78(2) 0.59(3) 1.52(3) 

U12 (Å
2) 0.19(2) 0.30(1) 0.35(1) 0.81(1) 

Occupancy 0.98(1) 1 2 1 1 
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Table 3.2 Bond lengths (Å) and angles (˚) of InGaCu0.6Mg0.4O4. 

 

Bond Length (Å) Bond Angles (˚) 

InO1 (×6) 2.190(1) O1InO1 99.17(1) 

M3+/2+O1 1.939(1) O1InO1 80.83(1) 

M3+/2+O2 2.153(1) O1M3+/2+O2 97.88(1) 

M3+/2+O2 (×3) 1.943(1) O2M3+/2+O2 82.12(1) 

  O2M3+/2+O2 118.15(1) 

 

 
 

Figure 3.9 Schematic of the TBP environment in InGaCu0.6Mg0.4O4, atomic labels 

provided for the bond distances and angles in Table 3.2. 
 

The M3+/2+O distances found for InGaCu0.6Mg0.4O4 are compared with those 

reported for InGaCuO4 and InGaMgO4 in Table 3.3.  Across the InGaCu1-xMgxO4 solid 

solution, the axial bond lengths are shown to increase with Mg2+ doping, with one axial 

bond much longer than the other.  The increase in the axial bond length is coupled with 

a decrease of the three basal plane M3+/2+O distances.  This inequality in the axial 

bond lengths within a TBP unit is characteristic of the (1,1)type structure, where the 

bonding environments of the two oxygen sites are much different.   
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Table 3.3 Axial bond lengths (Å) in InGaCuO4, InGaCu0.6Mg0.4O4 and InGaMgO4. 

 

 InGaCuO4 [4] InGaCu0.6Mg0.4O4 InGaMgO4 [22] 

M3+/2+O1 1.920 1.939(1) 1.948 

M3+/2+O2 2.106 2.153(1) 2.289 

M3+/2+O2 (×3) 1.953 1.943(1) 1.932 

 

The O1 site only involves one axial M3+/2+O bond whereas the O2 site forms one axial 

M3+/2+O bond and three basal M3+/2+O bonds.  The O2 atom has consumed most of 

its bonding power in these three basal bonds; thus, the M3+/2+O2 axial bond is much 

weaker and longer than the M3+/2+O1 axial bond.  Across the solid solution it can be 

seen that this longer axial M3+/2+O2 bond length increases much more than the shorter 

axial M3+/2+O1 length.  Furthermore, a slight repulsion of the M3+/2+ cations in the 

double TBP layer could add to the axial bond length inequality.   

 

3.3.3 Lattice parameters and structural analysis of InGa1-xFexCuO4 

 

XRD patterns obtained for the compositions of InGa1-xFexCuO4 (x = 0 – 1) are 

shown in Figure 3.13.  For each composition, the diffraction peaks could be indexed 

with the space group 𝑅3̅𝑚, with no visible impurity phases, indicating a complete solid 

solution between the layered hexagonal phases InGaCuO4 and InFeCuO4.  In 

comparison to the InM3+Cu1-xMgxO4 solid solutions, there is no appreciable shift of the 

diffraction peaks for this range of compositions.   
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Figure 3.10 XRD patterns for selected compositions of the InGa1-xFexCuO4 solid 

solution.  The evolution of the diffraction peaks indicate that there is a complete solid 

solution between the hexagonal InGaCuO4 and InFeCuO4 phases. 

 

 
Figure 3.11 Le Bail refinements of the hexagonal a and c lattice parameters for  

InGa1-xFexCuO4 (x = 0 – 1) verify that there is very little change in the crystal structure 

when Fe3+ is substituted for Ga3+. 
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The cell parameter evolution through the solid solution is shown in Figure 3.14, where 

there are appears to be limited changes in the a and c parameters, which is in agreement 

with the diffraction patterns and the ionic radii of Ga3+ and Fe3+ [21].   

 

3.3.4 Neutron diffraction study of the nominal composition InFeCuO4 

 

A Rietveld refinement was completed from the TOF neutron diffraction data 

collected for a sample of InFeCuO4 in the 𝑅3̅𝑚 space group starting from the 

parameters reported for InGaCuO4 (Figure 3.12) [23,24].  The In site was constrained 

to be fully occupied, and the refined occupancies of the M site agree with the nominal 

composition of equal Fe3+ and Cu2+ concentrations.   

 
Figure 3.12 Neutron diffraction pattern of InFeCuO4 collected at 300 K, where the 

observed intensity (black circle), calculated intensity (red line), background refinement 

(green line), hkl reflections (black dash) and the difference calculation (blue line) are 

provided.  
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As with other double layer (1,1)–type compounds, the bond angles of the TBP site 

indicate an umbrella-type arrangement, where the M3+/2+ cations are displaced slightly 

above or below the plane of the O2 atoms [25].  The structural and geometric 

parameters are provided in Tables 3.4 and 3.5. 

Table 3.4 TOF neutron diffraction structure refinement of InFeCuO4 
1-4. 

1. Structure refinement completed in 𝑅3̅𝑚 space group, a = 3.374(1) Å, c = 

24.870(1) Å, Rwp = 3.83%, Rp = 8.10%, χ2 = 4.840. 

2. The x and y fractional coordinates are 0 for all crystallographic sites. 

3. Based on an occupancy of In fixed at 1, the occupancies of Fe and Cu refine to 

0.54(5), and 0.46(5), respectively.  

4. Thermal parameters (U) were multiplied by 100, U11 = U22, U13 = U23 = 0. 

 

  In (3a) M3+/2+ (6c) O1 (6c) O2 (6c) 

z 0 0.2141(1) 0.2922(1) 0.1292(1) 

U11 (Å
2) 0.37(1) 0.77(1) 0.75(1) 1.26(1) 

U33 (Å
2) 1.35(6) 0.77(1) 0.58(1) 1.34(4) 

U12 (Å
2) 0.18(2) 0.39(1) 0.38(1) 0.63(1) 

Occupancy 1 1 2 0.99(1) 0.97(1) 

 

Table 3.5 Bond lengths (Å) and angles (˚) of InFeCuO4. 

 

Bond Length (Å) Bond Angles (˚) 

InO1 (×6) 2.200(1) O1InO1 100.12(1) 

M3+/2+O1 1.941(1) O1InO1 79.88(1) 

M3+/2+O2 2.112(1) O1 M3+/2+O2 97.30(1) 

M3+/2+O2 (×3) 1.964(1) O2 M3+/2+O2 82.70(1) 

  O2 M3+/2+O2 118.41(1) 
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3.3.5 Lattice parameters and structural analysis of InGa1-xFexCu1-xMgxO4 

 

The XRD patterns of InGa1-xFexCu1-xMgxO4 (x = 0 – 1) are shown in Figure 

3.13.  Similar to the samples of InFeCu1-xMgxO4, the peaks of the diffraction patterns 

could be indexed with the space group 𝑅3̅𝑚 for x = 0 – 0.6 and with the space group 

𝐹𝑑3̅𝑚  for x = 1.  The use of both mentioned space groups was necessary to 

successfully index the peaks of the diffraction patterns for x = 0.7 – 0.9.  The evolution 

of the hexagonal a and c axis cell parameters are shown in Figure 3.14.     

 

Figure 3.13 XRD patterns from selected compositions of the InGa1-xFexCu1-xMgxO4 

solid solution.  The co-doping of Fe3+ and Mg2+ produces structural changes similar to 

those observed in the InFeCu1-xMgxO4 and InGa1-xFexCuO4 solid solutions.  Peaks from 

the cubic InFeMgO4 phase are apparent in the XRD pattern after x = 0.6.  

 

The c axis parameter linearly increases as Fe3+/Mg2+ content increases, which 

was expected as seen in the previous study of InM3+Cu1-xMgxO4 and InGa1-xFexCuO4 
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[9,10].  The a axis lattice parameter remains fairly constant through the entire 

compositional range.  This result can be explained by the opposing structural changes 

observed in the previous solid solutions: a slightly decreases in InM3+Cu1-xMgxO4, but 

slightly increases in InGa1-xFexCuO4 [9,10].  The solid solution of the hexagonal phase 

is observed until the Fe3+/Mg2+ content reaches x = 0.7. 

 
Figure 3.14 Le Bail refinements of the hexagonal a and c lattice parameters for InGa1-

xFexCu1-xMgxO4 (x = 0 – 0.9).  Phase pure refinements are indicated by full triangle 

markers, and multi-phase refinements (hexagonal and spinel) are shown as marker 

outlines. 

 

3.3.6 Structural comparison of InM 3+M 2+O4 (M 3+ = Al, Ga, Fe; M 2+ = Cu, Mg)  

 

The c/a ratios of selected InGaM2+O4 end members have been previously 

discussed in relation to the crystal field stabilization energies (CFSE) of a tetrahedral 

(Td) coordination in comparison to the TBP [1–4,14].  Kutoglu et al. describes that as 
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the CFSE increases for the Td coordination and decreases for the TBP, the M2+ cation 

will move further from the center of the TBP and eventually lose the additional axial 

bond to form a tetrahedron [3].  According to their study, the energy preference to fill 

a Td site over a TBP site in the AM2O4 compositions is as follows: d10 > d7 > d6 > d5 > 

d8 > d9 [3].  This preference was compared to the c/a ratios of InAlCuO4 (7.4), 

InAlCoO4 (7.8) and InAlZnO4 (7.9), where the increase in c/a ratio was described to 

be the result of a shift from the TBP coordination to a Td [3].  This comparison is 

applicable for transition metal dopants into the TBP site, but it is not appropriate for 

the substitution of Mg2+ for Cu2+. 

All compositions of the InM3+Cu1-xMgxO4 and InGa1-xFexCu1-xMgxO4 solid 

solutions show a large increase of the c/a ratio with the addition of Mg2+, Figure 3.15.  

The closed-shelled Mg2+ could be transitioning into a Td coordination as seen in the 

spinel phase, but this is not likely given that all aspects of the polyhedra is not affected: 

the M2+–O2 bonds are significantly lengthened while the M2+–O1 bond is not.  Based 

on a comparison of the Td and TBP ionic radii for Mg2+, 0.57 Å and 0.66 Å, a shift 

from the TBP coordination to the Td coordination would theoretically produce a 

decrease in the lattice parameters [21].  This observation is obviously not present in 

this study, with the lattice parameters indicate that Mg2+ remains in the TBP 

coordination and the O2 sites are shifting to accommodate the cation substitution.  The 

Cu2+–O bond could be considered relatively more covalent than the Mg2+–O bonding 

environment, resulting in the expanded lattice with the addition of Mg2+. 

Unlike with the addition of Mg2+, the c/a values of the InGa1-xFexCuO4 

compounds are invariable.  Although Fe3+ has unpaired d electrons, this does not 
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drastically effect the bonding environment in this structure and the bonding interactions 

of Ga3+–O and Fe3+–O are relatively similar.    

 

Figure 3.15 The linear trends for the c/a ratios of InGaCu1-xMgxO4 and InGa1-xFexCuO4 

indicate complete solid solutions, but the solid solutions are hindered for InAlCu1-

xMgxO4, InFeCu1-xMgxO4 and InGa1-xFexCu1-xMgxO4 at x = 0.4, 0.5 and 0.7, 

respectively. Single phase refinements are indicated by solid color markers and 

multiphase refinements are shown as marker outlines. 

 

3.3.7 Optical properties of InAlCu1-xMgxO4  

 

The UV-Vis diffuse reflectance spectra were measured for all phase pure 

compositions of InAlCu1-xMgxO4 (x = 0 – 0.3), and transformed using the Kubelka-

Munk relationship (Figures 3.16 and 3.17).  The IR spectroscopy analysis of InAlCuO4 
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by Schmitz-DuMont et al. reported the presence of a broad band centered at 11,100 

cm-1 with two maxima at 9,800 cm-1 and 11,800 cm-1, and an analogous spectra for 

InGaCuO4 where the main absorption peak is shifted 1000 cm-1 [1].  It was discussed 

that the main peak shows a clear splitting indicating a distorted octahedra site for Cu2+ 

with the C3v symmetry, but this requires re-evaluation given that the structural 

refinement of these materials has been further developed.    

 Through the optical studies of Mn3+ in the TBP crystallographic site, the 

electronic properties of the InM2O4 family of compounds were recently clarified 

[26,27].  Mizoguchi et al. determined that the single absorption band at 2 eV 

corresponds to the eꞌ to a1 in the D3h symmetry, and the broad band at approximately 3 

eV is due to charge transfer interactions [27].  For the Mn3+ compositions, the a1 orbital 

was described as an antibonding orbital made from the Mn3+ dz
2 – Oap 2p overlap, where 

the intensity was dependent on the length of the Mn–O bond [26,27].  This description 

for ScGa1-xMnxZnO4 and LuGa1-xMnxO3(ZnO)2 must be adapted for the double TBP 

layer, where the off-centered M3+/2+ is closer to a C3v symmetry instead of the ideal D3h 

TBP symmetry.    

 For InAlCu1-xMgxO4, the absorption peak at 1.5 eV and broad charge-transfer 

band at approximately 3–4 eV agrees with the observation of green color for these 

compositions.  Estimations of the band gap for each sample were performed through 

an extrapolation of the absorption edge onset, where a blue-shift of the absorption edge 

results in an increase of the band gap.  Unlike the Mn3+ compositions from previous 

studies, the intensity of the absorption peak at 1.5 eV does not change with the addition 

of Mg2+, indicating that the geometry of Cu2+ in the TBP does not change.   
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Figure 3.16 The diffuse reflectance spectra of InAlCu1-xMgxO4 (x = 0 – 0.3) 

transformed using the Kubelka-Munk relationship show strong absorption bands in the 

red and blue spectral regions, with relatively weak absorption in the green region.  

Inset: Crystal field splitting of Cu2+ (d9) in the C3v symmetry of a TBP. 

 

 
Figure 3.17 The blue shift of the absorption edge as x increases indicates the tunability 

of the band gap in these materials. Inset: Representation of color for x = 0 – 0.3. 



88 
 

This also verifies that the change color as x increases is a result of the increasing 

band gap, not a dilution of the Cu2+ d–d transition.  The compositions from the 

remaining solid solutions were dark brown in color and had energy independent high 

absorbance values as a result of the dark color.  

 

3.3.8 Dielectric properties of InM 3+Cu1-xMgxO4 (M 3+ = Al and Ga)  

 

The dielectric properties of InAlCu1-xMgxO4 (x = 0 – 0.3) were analyzed for the 

limited number of single phase compositions, shown in Figure 3.18.  For InAlCuO4, 

the trends in the temperature and frequency dependence of the dielectric constant (κ) 

are to be expected: κ decreases with the increase of applied frequency but increases 

with temperature.  The dielectric response of the compound can be described as the 

electronic polarizability of the lone electron in the Cu2+ dz
2 orbital.     

Over the range of phase pure compositions, the temperature and frequency 

trends are highly restricted when Mg2+ is introduced and the dielectric constant is 

drastically reduced.  The frequency dependence is removed with the addition of Mg2+, 

which can be explained by the removal of the easily polarizable electrons of InAlCuO4.  

An increase in the concentration of Mg2+ dilutes the polarizability of the lattice, which 

restricts the electron polarizability to even more limited regions of the lattice. 
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Figure 3.18 a) Temperature dependence of the dielectric constant (κ) for InAlCu1-

xMgxO4. b) Temperature dependence of the dielectric loss (tan δ) at 100 kHz for 

InAlCu1-xMgxO4. c) Frequency dependence of the InAlCu1-xMgxO4 dielectric constant. 

d) Frequency dependence of the InAlCu1-xMgxO4 dielectric loss. 

 

The temperature and frequency dependence of InGaCu1-xMgxO4 is provided in Figure 

3.19 and illustrates analogous trends to the InAlCu1-xMgxO4 compositions.  At room 

temperature, the dielectric response of the InGaCu1-xMgxO4 compositions show larger 

values than the InAlCu1-xMgxO4 until x = 0.4.  The difference between ionic radii for 

Al3+ (0.48 Å) and Ga3+ (0.55 Å) could be the cause for this increased amount of 

polarizability.  With a larger difference in ionic radii for Al3+ and Cu2+ in the five-fold 

coordination, 0.48 Å and 0.65 Å respectively, the atoms may become ordered and 

decrease the overall polarizability of the material [28,29]. 
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Figure 3.19 a) Temperature dependence of the dielectric constant (κ) for  

InGaCu1-xMgxO4. b) Temperature dependence of the dielectric loss (tan δ) at 100 kHz 

for InGaCu1-xMgxO4. c) Frequency dependence of the InGaCu1-xMgxO4 dielectric 

constant. d) Frequency dependence of the InGaCu1-xMgxO4 dielectric loss. 

 

There is an extremely large amount of dielectric loss observed for all measured 

samples, which is believed to be caused by the slight semiconducting behavior of the 

InM3+M2+O4 series (approximately 106 Ωcm).  This semiconductivity can be explained 

by the suggested mechanism for a similar layered compound, InGaZnO4.  Through 

theoretical calculations, it has been reported that the overlapping In 5s orbitals located 

at the edge of the conduction band can act as a conduction pathway in these materials 

[28,29].  In response to the theoretical studies and the experimental results provided 

herein, the dielectric properties of the remaining solid solutions were not measured.  
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3.3.9 Magnetic studies of InM 3+M 2+O4 (M 3+ = Fe, Ga; M 2+ = Cu, Mg) 

 

DC – magnetization was collected for all hexagonal phase – pure samples from 

5 – 300 K and the zero-field-cooled (ZFC) magnetic susceptibility (χDC) was fit with 

the modified Curie-Weiss Law using the appropriate paramagnetic temperature range 

for each solid solution.  The measured compositions include: InFeCu1-xMgxO4 (x = 0 – 

0.4), InGaCu1-xMgxO4 (x = 0 – 0.8), InGa1-xFexCuO4 (x = 0 – 1) and InGa1-xFexCu1-

xMgxO4 (x = 0 – 0.6).  The modified Curie-Weiss law was employed for this series of 

compositions to account for the core diamagnetization that affects the paramagnetic 

region of the magnetic susceptibility.  From the paramagnetic region of each sample, 

the Weiss temperature (|θW|), effective magnetic moment (μeff.) and diamagnetic 

contribution (χ0) were determined and are provided in Tables 3.7 – 3.10.  The 

theoretical magnetic moments (μth.) were calculated using the spin-only values for Cu2+ 

(d9, S = 1/2) and high-spin Fe3+ (d5, S = 5/2) in the TBP site.  When compared, the low-

spin value for Fe3+ had a much lower agreement to the experimental values than the 

high-spin calculation.  Given the instrumental limitations, the field-cooled magnetic 

susceptibility produced statistically identical results to the zero-field-cooled 

susceptibility and was not measured for most compositions.  To investigate the spin 

glass behaviors of this family of compounds, the ZFC AC magnetic susceptibility and 

isothermal magnetization were measured for select compositions.  It is often difficult 

to differentiate between a ferrimagnetic phase and SG behavior, but the occurrence of 
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the following four observations defines the existence of a SG state: broad χDC transition, 

shift in χ'AC, nonzero χꞌꞌAC at Tf, and zero hysteresis below Tf. 

The ZFC DC magnetic susceptibility of InFeCu1-xMgxO4 (x = 0 – 0.4) are 

provided in Figure 3.20.  These compositions did not exhibit an appropriate 

paramagnetic region for the measured temperatures and could not be fit with the 

modified Curie-Weiss law.  Since an appropriate paramagnetic region was not present, 

the |θW| and μeff. parameters could not be determined.   

 
Figure 3.20 Broad magnetic transitions are observed in the ZFC DC magnetic 

susceptibility (χDC) for the phase pure hexagonal compositions of InFeCu1-xMgxO4 (x = 

0 – 0.4).  This data could not be modeled using the modified Curie-Weiss Law because 

of the lack of paramagnetic region. 

 

It has previously been suggested for InFeCuO4 that the observation of thermal 

remnant magnetization may indicate the presence of ferrimagnetism, but a small 

frequency dependence in the real component of the AC susceptibility (χ'AC) and non-
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zero values for the imaginary component (χ''AC), may indicate spin glass (SG) behavior 

[8].  From the present study, the AC susceptibility and isothermal magnetization also 

relay conflicting results.  The temperature dependent χ'AC mirrors the magnetic 

transition seen in the DC susceptibility at approximately 80K, but the limited range of 

measured frequencies did not result in an apparent shift in Tf.  Conversely, the entire 

temperature range of χ''AC produces nonzero values, indicating that complex magnetic 

interactions are present.  Figure 3.21 shows that remnant magnetization or saturation is 

not observed up to ± 5 T in the isothermal magnetization of InFeCuO4, which is in 

agreement with the nonzero χ''AC.     

 
 

Figure 3.21 ZFC isothermal magnetization of selected compositions for InFeCu1-

xMgxO4 (x = 0 – 0.4) from ± 5 T at 5 K.  
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For the compositions of x = 0.2 and 0.4, two broad peaks are observed in the 

DC susceptibility, and it is possible that the lower temperature transition is the result 

of a slight InFeMgO4 spinel impurity.  The spinel InFeMgO4 phase has been reported 

to have a magnetic ordering transition at 23 K, which was determined to be the result 

of possible ferrimagnetic interactions [30].  Although reflections from the InFeMgO4 

phase are not apparent in the diffraction data, the additional peaks in the magnetic 

susceptibility indicate the presence of an extremely low concentration of this impurity 

spinel phase. As with InFeCuO4, there is no frequency dependence of χ'AC and non-

zero values for χ''AC, but there is an obvious hysteresis in the isothermal magnetization.  

From χ''AC, these compositions would be considered to have SG behavior, but the 

ferrimagnetic phase of the InFeMgO4 impurity is observed in the χ'AC and isothermal 

magnetization.   

The ZFC DC magnetic susceptibility of InGaCu1-xMgxO4 is given in Figure 

3.22, where there is no observed magnetic ordering down to 5 K.  All compositions 

could be modeled with the modified Curie-Weiss law and a linear trend of the inverse 

χDC/χ0 versus temperature data for the paramagnetic region verifies the appropriateness 

of this model (Figure 3.23).  Although a magnetic transition is not present, the 

calculated Weiss constants indicate strong antiferromagnetic (AFM) interactions for all 

compositions, Table 3.6.  The dilution of the Cu2+
 is displayed through the trend of the 

magnetic moments, where the experimental spin values are comparable the theoretical 

moments.  There is no apparent trend in χ0, but the negative values of approximately 

10-4 verify that there are diamagnetic contributions to the magnetic susceptibility. 
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Figure 3.22 ZFC DC magnetic susceptibility (χDC) for selected compositions of 

InGaCu1-xMgxO4 (x = 0 – 0.8).  
 

Table 3.6 Curie-Weiss parameters of InGaCu1-xMgxO4 from ZFC DC susceptibility 

measurements1. 

1. All 1/χ plots were fit using a temperature range of 100 – 300 K. 

 

x |θW| μeff. (μB) μth. (μB) χo 

0 80 2.23 1.73 -4.55×10-4 

0.1 47 1.86 1.64 -1.39×10-4 

0.2 38 1.64 1.55 -3.13×10-5 

0.3 36 1.63 1.45 -1.71×10-4 

0.4 38 1.60 1.34 -2.51×10-4 

0.5 17 1.26 1.22 -1.53×10-4 

0.6 25 1.15 1.09 -2.07×10-4 

0.8 16 0.99 0.77 -1.03×10-4 
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Figure 3.23 A plot of the inverse χDC /χ0 over the paramagnetic temperature range for 

select compositions of InGaCu1-xMgxO4 verifies that the modified Curie-Weiss law is 

an appropriate model for these compositions. 
 

 

The AC magnetic susceptibility is most often used to probe the mechanism of 

a magnetic interaction, but because long-range order was not observed down to 5 K, 

this measurement was not completed for this collection of samples.  The isothermal 

magnetization is provided in Figure 3.24, where there is an absence of remnant 

magnetization and the samples show no saturation up to ± 5 T.  
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Figure 3.24 ZFC isothermal magnetization of selected compositions for InGaCu1-

xMgxO4 (x = 0 – 0.6) from ± 5 T at 5 K.   

 

The DC magnetic susceptibility for InGa1-xFexCuO4 is provided in Figure 3.25, 

where a magnetic transition tracks the concentration of Fe3+.  The broad transitions 

observed for InGa1-xFexCuO4 x = 0.2 – 1 are indicative of SG behavior, with a tendency 

toward AFM pairing.  The low Fe-content compositions (x = 0 – 0.4) could be modeled 

using the modified Curie-Weiss law, verified by a plot of the inverse χDC/χ0 versus 

temperature data (Figure 3.26), but the rest of the solid solution could not because of 

restricted paramagnetic regions, Table 3.7.   
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Figure 3.25 ZFC DC magnetic susceptibility for selected compositions of InGa1-

xFexCuO4 (x = 0 – 1). 

 
Figure 3.26 A plot of the inverse χDC /χ0 over the paramagnetic temperature range for 

select compositions of InGa1-xFexCuO4 verifies that the modified Curie-Weiss law is 

an appropriate model for these compositions. 
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Table 3.7 Curie-Weiss parameters of InGa1-xFexCuO4 from ZFC DC susceptibility 

measurements1,2. 

1. From the limited paramagnetic region of χDC, the modified Curie-Weiss law was 

employed for the temperature range of 250 – 300 K.   

2. Compositions x = 0.5 – 1 did not exhibit a linear paramagnetic region in the recorded 

temperature range, so the magnetic parameters are excluded. 
 

x |θW| μeff. (μB) μth. (μB) χo 

0 80 2.23 1.73 -4.55×10-4 

0.1 58 2.36 2.55 9.29×10-4 

0.2 91 2.90 3.16 1.49×10-4 

0.3 77 2.65 3.68 6.13×10-4 

0.4 160 3.24 4.12 4.03×10-4 
 

Across the solid solution the strength of the AFM interactions increase when 

Fe3+ is substituted for Ga3+, as indicated in the significant increase in the Weiss 

temperature, |θw|.  The effective magnetic moments follow the concentration of Fe3+ 

and Cu2+ and relatively agree with the expected values that were determined based on 

100% cooperative interactions of the cations.  The effective moments are consistently 

less than the theoretical values indicating that the Fe3+ and Cu2+ are not perfectly 

cooperative in this structure.  The χ0 values are of the same magnitude as InGaCu1-

xMgxO4, but they are positive, indicating Pauli paramagnetic contributions.  As 

previously discussed, these samples are slightly semiconducting, which could possibly 

lead to a minor paramagnetic contribution to the magnetic susceptibility.   

 AC susceptibility measurements were performed at 100 and 1000 Hz for InGa1-

xFexCuO4 (x = 0.2, 0.4, 0.6) to further investigate the origin of these interactions, 

Figures 3.27 and 3.28.  For all measured compositions, there is a slight shift in the 

transition temperature observed in the χ'AC, verifying that the observed ordering is the 

result of frustrated short range interactions.  The positive response of the χ''AC 
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component shows that relaxation processes are at play, and in conjunction with the χ'AC, 

these observations are likely indicating that the low temperature ordering is due to spin 

glass formation not AFM long range ordering [31].   

Similar to the isothermal magnetization of InFeCu1-xMgxO4 x = 0.2 and 0.4, 

remnant magnetization is observed for InGa1-xFexCuO4 x = 0.2 – 1 (Figure 3.29) 

indicating ferrimagnetic interactions may be involved.  The isothermal curve for x = 

0.2 has a larger magnitude of magnetization and an increased curvature at high 

magnetic fields, which is consistent with the higher magnetization that was observed 

in the DC magnetic susceptibility.  From these results it could be determined that 

InGa0.8Fe0.2CuO4 is the appropriate composition for Fe3+ and Cu2+ to order, resulting 

in the larger magnetization. With additional Fe3+, this ordering is hindered and 

ferrimagnetic interactions may compensate some of the magnetic interactions.  

Although there is the formation of a spin glass phase in each of these compositions 

shown by the AC magnetic susceptibility, the isothermal magnetization verifies that 

the coupling of Fe3+ and Cu2+ is ferrimagnetic in nature.    
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Figure 3.27 ZFC AC Magnetic susceptibility (χ'AC) for InGa1-xFexCuO4, x = 0.2, 0.4 

and 0.6.   

 

 
Figure 3.28 ZFC AC Magnetic susceptibility (χ''AC) for InGa1-xFexCuO4, x = 0.2, 0.4 

and 0.6.    
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Figure 3.29 ZFC isothermal magnetization of selected compositions for  

InGa1-xFexCuO4 (x = 0 – 0.6) from ± 5 T at 5 K. 
 

The magnetic properties of InGa1-xFexCu1-xMgxO4 x = 0 – 0.6 mirror those of 

InGa1-xFexCuO4 and InFeCu1-xMgxO4, shown in Figures 3.30 – 3.33.  Broad transitions 

in the ZFC DC magnetic susceptibility were observed for x = 0.2 – 0.6, but the modified 

Curie-Weiss law could only be applied for x = 0 and 0.1.  The values for 

InGa0.9Fe0.1Cu0.9Mg0.1O4 are as follows: |θw| = -118 K, μeff. = 2.43, μth. = 2.49 and χ0 = 

-2.33 × 10-4.  These values produced a linear relationship for the inverse χ/χ0 vs. 

temperature plot in the paramagnetic region, indicating that this was an appropriate 

model for this composition.  In comparison to InGa1-xFexCuO4, there is a slight increase 

in the frequency dependence of χ'AC and comparable results observed in both the χ'ꞌAC 

and isothermal magnetization. 



103 
 

 
Figure 3.30 ZFC DC magnetic susceptibility for InGa1-xFexCu1-xMgxO4 (x = 0 – 0.6).   

 

 
Figure 3.31 Real component of the ZFC AC Magnetic susceptibility (χ'AC) for InGa1-

xFexCu1-xMgxO4, x = 0.2, 0.4 and 0.6.  
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Figure 3.32 Imaginary component of the ZFC AC Magnetic susceptibility (χ'ꞌAC) for 

InGa1-xFexCu1-xMgxO4, x = 0.2, 0.4 and 0.6. 

 

 

Figure 3.33 ZFC isothermal magnetization of selected compositions for  

InGa1-xFexCu1-xMgxO4 (x = 0 – 0.6) from ± 5 T at 5 K.  
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3.4 Conclusion 

 

The differences in electronic configurations for Al3+, Fe3+, Ga3+, Cu2+ and Mg2+ 

led to transformations that were observed in the structural parameters, dielectric 

properties and magnetic susceptibility.  Partial solid solutions were successfully 

produced for the hexagonal phases InM3+M2+O4 (M
3+ = Al, Fe and Ga; M2+ = Cu, Mg).  

For the InM3+Cu1-xMgxO4 (M
3+ = Al, Fe) series of compositions, the hexagonal phase 

was preferred only below x = 0.3 and 0.4, respectively.  With increasing magnesium 

concentration, the spinel Mg(M3+)2O4 phase became much more favorable compared 

to the hexagonal InM3+MgO4 phase.  The solid solution of InGaCu1-xMgxO4 was 

successfully synthesized for x = 0 – 0.8, with slight MgGa2O4 impurities for x = 0.7, 

0.9 and 1.  A complete solid solution was evident for InGa1-xFexCuO4, and single phase 

samples of InGa1-xFexCu1-xMgxO4 were only obtained for x < 0.7.  For this series, it was 

determined that the covalency of the Cu2+–O bond was greater than that of Mg2+–O, 

cause an expansion of the c axis.     

The dielectric data showed extremely large dielectric loss values, indicating 

slight conductivities that could not be accurately quantified.   The diffuse reflectance 

spectra for InAlCu1-xMgxO4 and the green color was determined to be cause by a band 

gap absorption.  The magnetization data for all phase pure compounds indicated SG 

interactions, with possible ferrimagnetic interactions for compositions containing both 

Fe3+ and Cu2+.  This data has verified that both the electronic environment and a change 
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in the ionic radii of the cation are significantly influential to altering the physical 

properties of a material.  

 

3.5 Materials and methods 

 

Polycrystalline samples of InM3+M2+O4 (M
3+ = Al, Fe, Ga; M2+ = Cu, Mg) (x = 

0 – 1) were prepared using standard solid state reactions of In2O3 (99.99%), Al2O3 

(99.99%), Fe2O3 (99.99%), Ga2O3 (99.999%), CuO (99.99%) and MgO (99.95%).  

Stoichiometric amounts of each oxide were intimately mixed with ethanol, pelletized, 

and then heated at the corresponding temperatures provided in Table 3.8 with 

intermediate grindings.   

Table 3.8 Synthesis parameters of InM3+M2+O4 (M
3+ = Al, Fe and Ga; M2+ = Cu, Mg). 

 

Composition [x] Temperature (°C) Annealing Time (hr) 

InAlCu1-xMgxO4 0 – 1 1150 18 

InFeCu1-xMgxO4 0 – 0.4 1050 24 

InFeCu1-xMgxO4 0.5 – 1 1200 24 

InGaCu1-xMgxO4 0 – 1 1150 18 

InGa1-xFexCuO4 0 – 1 1150 24 

InGa1-xFexCu1-xMgxO4 0 – 1 1150 36 
 

Each sample was analyzed for phase purity with a Rigaku Miniflex II 

diffractometer over 5 – 80° 2θ using Cu Kα radiation and a graphite monochromator on 

the diffracted beam.  Lattice parameters were refined using the GSAS software and 

EXPGUI user interface [23,24].  For the compounds InGaCu0.6Mg0.4O4 and InFeCuO4, 

time-of-flight (TOF) powder neutron diffraction data was collected using the 

POWGEN (BL – 11A) neutron powder diffractometer at the Spallation Neutron Source 
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at Oak Ridge National Laboratory, Oak Ridge, TN [32].  For InGaCu0.6Mg0.4O4, a 2.67 

g sample was contained in a 8 mm diameter vanadium sample can and analyzed at room 

temperature over a d – spacing range of 0.317 – 6.164 Å.  Rietveld refinements of the 

data employed the GSAS software and EXPGUI interface [23,24].  The TOF peak-

profile function number 3 (a convolution of back-to-back exponentials with a pseudo-

Voigt) and the shifted Chebyschev function were used to model the diffraction peak 

profiles and backgrounds, respectively.  For InFeCuO4, a 5.68 g sample was contained 

in a 8 mm diameter vanadium sample can and analyzed at 300 K over a d – spacing 

range of 0.301 – 3.108 Å.  Using the GSAS software and EXPGUI interface [23,24], 

the TOF peak-profile function number 3 (a convolution of back-to-back exponentials 

with a pseudo-Voigt) and the Reciprocal interpolation function were used to model the 

diffraction peak profiles and backgrounds, respectively. 

The dielectric properties were measured with an HP Precision LCR Meter 

4284A (1 kHz – 1 MHz) over a temperature range of 35 to 180°C.  In order to increase 

the density of the pellets, which is necessary for optimum dielectric measurements, the 

samples were ball-milled for 6 hours per intermediate grinding.  The ball-milled 

samples were then sintered at 1150°C for 6 hours and coated with silver electrodes for 

the dielectric measurements.   

Diffuse reflectance experiments over the UV-vis wavelength region were 

performed in David McIntyre’s lab in the OSU Physics Department.  The samples in 

these experiments were analyzed using an Ocean Optics HR-4000 spectrometer with a 

bifurcated (Y-shaped) optical fiber assembly with scanning monochromator and a CCD 

array detector [33].  For the UV-vis measurements, the samples were scanned from 250 
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– 900 nm using a deuterium tungsten halogen light source and normalized using a 

standard sample of MgO for the reference.   

Zero-field-cooled (ZFC) and field-cooled (FC) DC magnetization data were 

collected with a Quantum Design Physical Properties Measurement System (PPMS) 

using the ACMS mode with a magnetic field of 0.50 Tesla from 5 to 300 K.  ZFC AC 

magnetization data were also collected with a QD PPMS using the ACMS mode with 

a frequency range of 10 – 1,000 Hz from 5 to 300 K.  Isothermal magnetization 

hysteresis curves were collected at 5 K with magnetic fields of ± 5 Tesla. 
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CHAPTER 4  

Structural relationships of InGaM1-xM'xO4 (M = Mg2+, Zn2+; M' = Co2+, Mg2+) 

 

4.1 Abstract 

 

 Solid solutions of InGaM1-xM'xO4 (M = Mg2+, Zn2+; M' = Co2+, Mg2+) were 

synthesized and analyzed through X-ray diffraction (XRD), diffuse reflectance 

spectroscopy and magnetization techniques.  Single phase samples of InGaMg1-xCoxO4 

(x = 0.1 – 1), InGaZn1-xCoxO4 (x = 0 – 1) and InGaZn1-xMgxO4 (x = 0) were successfully 

produced, with In2O3 and Ga2O3 impurities present in the remaining compositions.  The 

optical properties of the Co2+–containing compounds verify that there are complex d-d 

transitions responsible for the pale purple color observed for these materials.  The band 

gap estimation of InGaZn1-xMgxO4 (x = 0 – 0.5) showed a linear trend that followed the 

substitution of Zn2+.  The DC susceptibility, AC susceptibility and isothermal 

magnetization collectively show that these materials are dilute frustrated 

antiferromagnets with possible spin glass behavior below 15 K. 
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4.2 Introduction  

 

 The compositions of InGaZnO4, InGaMgO4 and InGaCoO4 were initially 

reported by Schmitz-DuMont et al. in 1965 and then re-evaluated by Kutoglu et al. in 

1979, Gerardin et al. in 1980 and Kimizuka et al. in the mid-1980s [1–4].  The structure 

was originally determined to belong to the R3m space group with the M/M' cations in 

a distorted octahedra site [1].  This structural refinement completed by Schmitz-

DuMont et al. was in disagreement with the observed electronic transitions in the IR 

spectroscopy, which was indication that the original structure required further 

characterization.   

Through single crystal X-ray diffraction (XRD), Kutoglu et al. reported that the 

structure of the InM3+M2+O4 family of compounds belonged to the monoclinic space 

group Cm, where In3+ was located in an octahedra (Oh) coordination and the M3+/2+ 

cations were located in a distorted trigonal bipyramidal (TBP) [2].  The use of Ligand 

Field and EPR spectroscopy in this study was significant, because it was the first 

concrete evidence of the TBP coordination for the M3+/2+ cations.  Kutoglu et al. 

describes the symmetry transformation of the monoclinic unit cell to a pseudo-

hexagonal cell, and this hexagonal unit cell was used for the remainder of the study. 

The final structural refinement of these materials was independently completed 

by a number of institutions, belonging to the 𝑅3̅𝑚 space group and defined as 

alternating layers of InO6 edge-shared octahedra and a double layer of disordered 

(M3+/M2+)O5 edge-shared trigonal bipyramids (Figure 4.1) [3,5–9].  The cations are 
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shifted from the center of the basal plane, which could be the result of Coulombic 

repulsions between the edge-shared polyhedra.  The extent of this shift for various 

M3+/2+ cations has been reported Kutoglu et al. in relation to the Crystal Field 

Stabilization Energy (CFSE), where the stabilization energy for d1-9 cations in the TBP 

site was compared to that of a tetrahedral (Td) site [2].  It is well documented that in 

the InM3+M2+O4 structure, both Mg2+ and Co2+ are stable in the TBP coordination, but 

there are discrepancies between the experimental results and theoretical calculations 

for determining the site preference for Zn2+ [1,2,10–19].   

 

Figure 4.1 InM3+M2+O4 crystal structure, with a single layer of InO6 octrahedra (grey) 

and a double layer of (M3+/2+)O5 trigonal bipyramids (purple).  Magnification: The 

M3+/2+ cation (purple) is shifted from the basal plane of oxygen (white) because of the 

unique bonding environments of the M3+/2+–O1 and M3+/2+–O2 bonds [20]. 
 

The compositions of InGaZnO4 and InGaMgO4 have been extensively studied 

for transparent conducting oxides (TCOs) applications, where the diffuse In3+ 5s 
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orbitals at the edge of the conduction band result in a pathway for conduction [11–14].  

The theoretical calculations of the structure, used to determine the mechanism of 

conduction in these materials, concluded that the relaxed structure appears to contain 

Zn2+ in the Td coordination [11,12].  To the best of my knowledge, this conclusion has 

not yet been verified by experimental structural refinements.  

 The optical properties of these materials are extremely interesting as a result of 

the trigonal bipyramidal coordination, seen most recently through the solid solutions of 

YM3+O3 (M
3+ = Fe, Ga, In, Mn, Cu/Ti) and R3+M3+

1-xM
2+

xO4 (R
3+ = In, Sc, M3+ = Al, 

Ga, Mn, M2+ = Mg, Zn) [21–26].  Initial optical studies completed by Schmitz-DuMont 

et al. reported that the color curve of InGaZn0.99Co0.01O4 was similar to that found for 

InM3+CuO4 (M
3+ = Al and Ga), but two of the three absorption bands were shifted 

towards the IR region [1].  From Ligand Field spectroscopy, Kutoglu et al. also 

described three prominent transitions: 4,700 cm-1, 10,000 cm-1 and 15,500 cm-1 for 

InGaZn1-xCoxO4 x = 0 – 1 [2].  These transitions were described to be in agreement with 

the D3h symmetry of the TBP site, but they were also comparable to an Oh coordination.  

Cobalt is well known to show a range of colors depending on the structural 

environment, most often in the blue-purple-pink visible region [1,17,19,27–37]. 

 In this chapter, the structural, optical and magnetic properties of InGaMg1-

xCoxO4, InGaZn1-xCoxO4 and InGaZn1-xMgxO4 have been studied [20].  A comparison 

of the Zn2+ and Mg2+ environments in the YbFe2O4–type structure has been completed 

based on the XRD Le Bail refinements and the diffuse reflectance optical spectra.  The 
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addition of Co2+ into the trigonal bipyramidal site allows for the magnetic properties of 

these compositions to be analyzed and compared to the structural relationships.  

 

4.3 Results and discussion 

4.3.1 Lattice parameters and structural analysis of InGaMg1-xCoxO4, InGaZn1-xCoxO4 

and InGaZn1-xMgxO4 

 

The X-ray diffraction (XRD) patterns of InGaMg1-xCoxO4 (x = 0 – 1) are 

provided in Figure 4.2.  Regardless of extensive attempts to produce a phase pure 

sample, the InGaMgO4 composition consistently showed parasitic reflections from 

In2O3 and Ga2O3 phases.  A multiphase Le Bail refinement was completed for this 

sample with the majority of the reflections indexed using the 𝑅3̅𝑚 space group, and 

the impurity peaks indexed using the 𝐼𝑎3̅ space group for the In2O3 reflections and the 

𝐶2 𝑚⁄  space group for the Ga2O3 reflections.  All of the reflections for the 

Co2+ containing compositions could be indexed using the 𝑅3̅𝑚 space group with no 

impurity phases present.  This indicates that the majority of the solid solution could be 

synthesized, with the exception of the InGaMgO4 end member.   
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Figure 4.2 XRD patterns of selected compositions of the InGaMg1-xCoxO4 solid 

solution.  Phase pure samples of hexagonal InGaMg1-xCoxO4 were synthesized for x = 

0.1 – 1, but a mixture of hexagonal InGaMgO4 and impurity phases were present for x 

= 0.  Asterisks indicate impurity phases of In2O3 and Ga2O3. 
 

There are minute differences in the position and intensities of the hkl reflections 

with the addition of Co2+ into the InGaMgO4 lattice, but there are negligible structural 

changes as seen by the lattice parameters provided in Figure 4.3.  Le Bail refinements 

of the a and c lattice parameters indicate that although there may be a slight variation 

of the c parameter, the a parameter is largely unaffected.   
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Figure 4.3 Le Bail lattice refinement of the a (black circle) and c (blue circle) axis for 

the InGaMg1-xCoxO4 (x = 0 – 1). Phase pure refinements are indicated by full circle 

markers, and multi-phase refinements (InGaMgO4, In2O3 and Ga2O3) are shown as 

marker outlines. 
 

This result is as expected, given the similar ionic radii of Mg2+ (0.66 Å) and Co2+ (0.67 

Å) in the trigonal bipyramidal site [38].  The lattice parameters of the end member 

compositions closely agree with those previously reported [39].  The invariable lattice 

parameters also evident through the correlation of the c/a ratio across the solid solution, 

provided in Figure 4.8.   

The XRD patterns of InGaZn1-xCoxO4 (x = 0 – 1) are provided in Figure 4.4, 

where all reflections could be indexed with the 𝑅3̅𝑚 space group.  The lack of impurity 

phases indicate that a complete solid solution has been synthesized, in agreement with 

the work of Schmitz-DuMont et al. and Kutoglu et al. [1,2].  Similar to the previous 

solid solution, there is a shifting of the hkl reflections and a change in peak intensity as 

Co2+ is added into the InGaZnO4 structure.     
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Figure 4.4 XRD patterns of selected compositions of the InGaZn1-xCoxO4 solid 

solution.   
 

The 00l reflections appear to be shifting to higher 2θ values as x increases, but 

the Le Bail refinement results of the lattice parameters do not mirror this shift (Figure 

4.5).  According to the ionic radii of Zn2+ (0.68 Å) and Co2+ (0.67 Å) in the TBP site, 

this invariable trend in the lattice parameters would be expected [38].  The c/a ratio of 

this solid solutions shows a slight structural change, where there is a decrease of the 

c/a ratio with the addition of Co2+.  Although this trend does not agree with the change 

in TBP ionic radii, it also does not agree with the M2+ site transitioning from a Td for 

Zn2+ (0.60 Å) to a TBP for Co2+ (0.67 Å) [38]. 
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Figure 4.5 Le Bail lattice refinement of the a (black circle) and c (blue circle) axis for 

the InGaZn1-xCoxO4 (x = 0 – 1).  
 

If the electronegativities of these cations are considered, Co2+ is slightly more 

electronegative than Zn2+, producing a relatively more covalent bond with oxygen.  It 

is apparent that the electronegativity difference between Co2+ and Zn2+ affects the 

covalency of the M2+–O bond resulting in a slight decrease in the c/a ratio.  This is 

similar to what was observed for the InM3+Cu1-xMgxO4 (M3+ = Al, Fe, Ga) solid 

solutions, where the increased covalency of the Cu–O bond produced a significant 

decrease in the c/a ratio compared to InGaMgO4 end member [40,41].  The 

electronegativity difference is smaller for Zn2+/Co2+ compared to Cu2+/Mg2+, leading 

to a smaller structural change overall.  It is still unknown why the InGaMg1-xCoxO4 

solid solution did not exhibit a similar result, given that the electronegativity difference 

for Mg2+/Co2+ is larger than that of Zn2+/Co2+.  
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The XRD patterns for InGaZn1-xMgxO4 (x = 0 – 1) are provided in Figure 4.6, 

where InGaZnO4 was the only phase pure composition.  For all compositions 

containing Mg2+, impurity phases of In2O3 and Ga2O3 were present.  All of the 

reflections for InGaZnO4 were successfully indexed with the 𝑅3̅𝑚 space group.   

 

Figure 4.6 XRD patterns of selected compositions of the InGaZn1-xMgxO4 solid 

solution. Asterisks indicate impurity phases of In2O3 and Ga2O3. 
 

Multiphase Le Bail refinements were completed for the remaining compositions where 

the hexagonal reflections were indexed with the 𝑅3̅𝑚 space group, and the impurity 

peaks were indexed using the 𝐼𝑎3̅ space group for the In2O3 reflections and the 𝐶2 𝑚⁄  

space group for the Ga2O3 reflections.  Although the x > 0 compositions required 

multiphase refinements, the hexagonal phase was the major component for all 

compositions so a general trend in the lattice parameters could be determined.  There 
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is an obvious disruption of the solid solution for x > 0.5, which is also apparent in the 

progression of the c/a ratio.   

 

Figure 4.7 Le Bail lattice refinement of the a (black circle) and c (blue circle) axis for 

the InGaZn1-xMgxO4 (x = 0 – 1). Phase pure refinements are indicated by full circle 

markers, and multi-phase refinements (InGaMgO4, In2O3 and Ga2O3) are shown as 

marker outlines. 
 

The c/a ratio tracks that of the InGaZn1-xCoxO4 solid solution, indicating that the Mg2+–

O interactions could be similar to those of Co2+–O.  In this instance, Zn2+ is more 

electronegative than Mg2+ so the decrease in the c/a ratio does not appear to be the 

result of covalency.  Although it is a seemingly insignificant difference, the ionic radii 

of Zn2+ (0.68 Å) and Mg2+ (0.66 Å) in the TBP coordination could result in the change 

in c/a ratio.  As stated previously, structural analysis of this solid solution should be 

done cautiously because the majority of the compositions are not single phase. 
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Figure 4.8 The linear trends for the c/a ratios of InGaMg1-xCoxO4 and InGaZn1-xCoxO4 

indicate complete solid solutions, but the solid solution is hindered for InGaZn1-xMgxO4 

at x = 0.5. Single phase refinements are indicated by solid color markers and multiphase 

refinements are shown as marker outlines. 

 

4.3.2 Optical study of InGaMg1-xCoxO4, InGaZn1-xCoxO4 and InGaZn1-xMgxO4 

 

The UV-Vis diffuse reflectance spectra were measured for selected 

compositions of InGaMg1-xCoxO4 (x = 0.2 – 1), InGaZn1-xCoxO4 (x = 0 – 1) and 

InGaZn1-xMgxO4 (x = 0 – 0.5) and transformed using the Kubelka-Munk relationship 

(Figures 4.9 – 4.11).  For InGaMg1-xCoxO4 and InGaZn1-xCoxO4 the absorption peaks 

at 2 – 2.5 eV and broad charge-transfer band at approximately 3–4 eV agree with the 

observation of purple color for these compositions.  Estimations of the band gap for 
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each sample were attempted through an extrapolation of the absorption edge onset, but 

accurate values could not be determined because of the high absorption of each sample 

across the majority of the experimental range.  There are three components to the 

absorption bands in the visible region, all of which are believed to be due to Co2+ in the 

trigonal bipyramidal C3v symmetry (Figure 4.11). 

 
Figure 4.9 The diffuse reflectance spectra of InGaMg1-xCoxO4 (x = 0.2 – 1) transformed 

using the Kubelka-Munk relationship show strong absorption bands in the red and 

green spectral regions, with relatively weak absorption in the blue region. 

 

 
Figure 4.10 Electron configuration of high-spin Co2+ (d7) in the C3v symmetry.  
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Figure 4.11 The diffuse reflectance spectra of InGaZn1-xCoxO4 (x = 0 – 1) transformed 

using the Kubelka-Munk relationship show strong absorption bands in the red and 

green spectral regions, with relatively weak absorption in the green region. 
 

Similarly, Robertson et al. studied the optical properties of cobalt containing 

zinc molybdates, with Co2+ located in both an Oh and a distorted TBP coordination 

[17].  It was determined through Gaussian deconvolutions of the vis-NIR absorption 

spectra that the CoO5 (D3h) sites produced the following optical transitions: aꞌ2  aꞌ2 at 

1.90 eV and aꞌ2  eꞌꞌ2 at 2.42 eV [17].  These designations do not agree with the simple 

orbital diagram provided in Figure 4.10 and a thorough electronic structure study must 

be completed to truly understand the electronic transitions observed. For the InGaMg1-

xCoxO4 and InGaZn1-xCoxO4 samples, the three absorption bands are the result of 

similar transitions to what was reported by Robertson et al., but the disorder from the 

double trigonal bipyramid layer is apparent from the band splitting and in the paleness 

of the physical color.  
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The transformed Kubelka-Munk absorbance spectra for InGaZn1-xMgxO4 (x = 

0 – 0.5) shows an absorption onset at approximately 3.5 – 4 eV, with relatively zero 

absorbance in the visible region.  These results agree with the white color observed for 

each of the measured compositions.  Estimations of the band gap were performed for 

each sample through an extrapolation of the absorption edge onset.  The blue-shift of 

the absorption edge results in an increase of the band gap, with inconsistencies 

observed for x = 0.4 and 0.5.   

 
Figure 4.12 The diffuse reflectance spectra of InGaZn1-xMgxO4 (x = 0 – 0.5) 

transformed using the Kubelka-Munk relationship shows a shift of the absorption onset 

as x increases. 
 

For x = 0 – 0.3, the slight In2O3 and Ga2O3 impurities found in the X-ray diffraction 

data did not appear to affect the band gap of these materials. There is a steady increase 

of the band gap as Mg2+ is substituted for Zn2+, which agrees with the work of Orita et 
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al. [42].  In that study, the band gaps for InGaZnO4 and InGaMgO4 were determined 

to be 3.5 eV and 4.2, respectively, where the difference was attributed to the iconic 

behavior of Mg2+.  The increased ionic behavior for Mg2+ should increase the 

Coulombic field generated by the trigonal bipyramid layers, producing a wider band 

gap [42].   

 

 

4.3.3 Magnetic study of InGaMg1-xCoxO4 and InGaZn1-xCoxO4 

 

DC – magnetization was collected for InGaMg1-xMgxO4 (x = 0.2, 0.4, 0.6) from 

5 – 300 K and the zero-field-cooled (ZFC) magnetic susceptibility (χDC) was fit with 

the modified Curie-Weiss Law from 100 – 300 K.  The modified Curie-Weiss law was 

employed for this series of compositions to account for the core diamagnetization that 

affects the paramagnetic region of the magnetic susceptibility.  From the paramagnetic 

region of each sample, the Weiss temperature (|θW|), effective magnetic moment (μeff.) 

and diamagnetic contribution (χ0) were determined and are provided in Tables 4.1.  The 

theoretical magnetic moments (μth.) were calculated using the spin-only value for Co2+ 

(d7, S = 3/2) in the TBP site.  Given the instrumental limitations, the field-cooled 

magnetic susceptibility produced statistically identical results to the ZFC susceptibility 

and was not measured for most compositions.  As with the previous studies, the spin 

glass behaviors of these compositions were investigated through ZFC AC magnetic 

susceptibility and isothermal magnetization experiments. 
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The DC magnetic susceptibility for InGaMg1-xMgxO4 (x = 0.2, 0.4, 0.6) is 

provided in Figures 4.13 and 4.14, where the initial analysis of the entire measurement 

range shows only paramagnetic interactions.  When investigating the low temperature 

susceptibility, it is apparent that there is a slope change at approximately 15 K for all 

three of the measured compositions.  This increased slope could be indicative of an 

antiferromagnetic transition that occurs below 5 K.  For x = 0.6, there is a slight 

inconsistency at 10 K that could also be related to antiferromagnetic ordering of the 

Co2+ in the double TBP layer. 

 

Figure 4.13 ZFC DC magnetic susceptibility (χDC) for selected compositions of 

InGaMg1-xCoxO4 (x = 0.2, 0.4, 0.6) over the complete temperature range measured.    
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Figure 4.14 ZFC DC magnetic susceptibility (χDC) for selected compositions of 

InGaMg1-xCoxO4 (x = 0.2, 0.4, 0.6) emphasizing the low temperature interactions. 
 

 

Figure 4.15 A plot of the inverse χDC /χ0 over the paramagnetic temperature range for 

select compositions of InGaMg1-xCoxO4 verifies that the modified Curie-Weiss law is 

an appropriate model for these compositions. 
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Table 4.1 Curie-Weiss parameters of InGaMg1-xCoxO4 from ZFC DC susceptibility 

measurements1. 

1. All 1/χ plots were fit using a temperature range of 100 – 300 K. 
 

x |θW| μeff. (μB) μth. (μB) χo 

0.2 3 1.89 1.73 -6.78×10-5 

0.4 34 2.55 2.45 2.30×10-4 

0.6 53 2.96 3.00 6.96×10-4 

 

As with other compounds in the YbFe2O4–type, these materials have a triangular lattice 

of the M3+/2+ cations, often resulting in frustration from the disorder structure.  The 

large amount of frustration limits magnetic ordering in these systems, which is evident 

from these few experiments.  The negative θW values show that there are short range 

antiferromagnetic (AFM) interactions at play, and the increase of |θW| verifies that these 

interactions are increasing in strength as the concentration of cobalt increases.  The 

effective magnetic moment closely agrees with the theoretical moment for x = 0.4 and 

0.6, but is slightly larger than expected for x = 0.2.  Regardless of this inconsistency, 

the plot of the inverse χDC/χ0 versus temperature data (Figure 4.15) verifies that the 

modified Curie-Weiss law is an appropriate model for this data set. 

The AC susceptibility of InGaMg1-xCoxO4 was measured at 100 and 1000 Hz is 

provided in Figures 4.16 and 4.17.  For each composition, there is a large upturn in the 

real component of the AC susceptibility (χ'AC) at 15 K, mirroring the interactions seen 

in the DC susceptibility.  Below 15 K, there is a significant frequency-dependent 

displacement of χ'AC which is strongly indicative of spin-glass behaviors.   
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Figure 4.16 ZFC AC Magnetic susceptibility (χ'AC) for InGaMg1-xCoxO4, x = 0.2, 0.4 

and 0.6. 
 

This frequency dependence is most evident for x = 0.6, which collaborates with the 

imaginary component of the AC susceptibility with the most non-zero values for χ''AC.  

These observations are in agreement the χDC experiments, where the strongest AFM 

interactions were present for x = 0.6.   
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Figure 4.17 ZFC AC Magnetic susceptibility (χ''AC) for InGaMg1-xCoxO4, x = 0.2, 0.4 

and 0.6.   

 

The isothermal magnetization measured at 5 K is provided in Figure 4.18, verifying 

that these compositions do not saturate or have any remnant magnetization under these 

experimental parameters.  It is interesting to note that the magnetization of 

InGaMg0.6Co0.4O4 is larger than that of the other compositions according to this 

measurement.  In relation to the χDC and χ'AC, the susceptibility of InGaMg0.6Co0.4O4 

and InGaMg0.4Co0.6O4 are close in magnitude but this relationship is affected under 

large magnetic fields.  Further low temperature studies will be needed to fully 

understand the magnetic interactions that take place in these materials.   
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Figure 4.18 ZFC isothermal magnetization of selected compositions for  

InGaMg1-xCoxO4 (x = 0 – 0.6) from ± 5 T at 5 K. 
 

 The magnetic properties of InGaZn0.8Co0.2O4 appear to be almost identical to 

those of InGaMg0.8Co0.2O4 (Figure 4.19), but the extracted parameters from the 

modified Curie-Weiss law show that the two compositions have significant differences, 

shown in Table 4.2.  Both compositions show paramagnetic behaviors down to 5 K, 

with no evidence of long range order, and a change in the slope at approximately 15 K.  

In comparison, there are slightly stronger antiferromagnetic interactions in the Zn2+ 

composition, as seen by a larger |θW| value.  In reference to the cation covalency, 

InGaZn0.8Co0.2O4 would be expected to have stronger interactions between the double 

TBP layers because the electronegativity of Co2+ is closer to that of Zn2+ compared to 

Mg2+.  The electronic interactions also have a significant effect on the χo, which is 
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negative for InGaMg0.8Co0.2O4 and positive for InGaZn0.8Co0.2O4.  A negative 

correction factor indicates that core diamagnetism is slightly compensating some of the 

paramagnetic interactions of the unpaired electrons.  A positive χo was also observed 

for the InGa1-xFexO4 compositions, where the low conductivity was believed to cause a 

small amount of Pauli paramagnetism.  InGaZnO4 is a well-known transparent 

conducting oxide, so this observation is appropriate for the semiconductivity of the 

material. 

 
Figure 4.19 ZFC DC magnetic susceptibility (χDC) for InGaM0.8Co0.2O4 (M = Mg, Zn)  

over the complete temperature range measured. 
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Table 4.2 Curie-Weiss parameters of InGaM0.8Co0.2O4 (M = Mg, Zn) from ZFC DC 

susceptibility measurements1. 

1. All 1/χ plots were fit using a temperature range of 100 – 300 K. 
 

M |θW| μeff. (μB) μth. (μB) χo 

Mg 3 1.89 1.73 -6.78×10-5 

Zn 18 1.94 1.73 5.39×10-5 

 

4.4 Conclusion 

 

 The solid solutions of InGaMg1-xCoxO4 (x = 0 – 1), InGaZn1-xCoxO4 (x = 0 – 1) 

and InGaZn1-xMgxO4 (x = 0 – 1) were synthesized and analyzed using X-ray diffraction, 

diffuse reflectance and magnetization experiments.  Single phase samples could be 

produced for the entire solid solution of InGaZn1-xCoxO4 (x = 0 – 1), but impurity phases 

were present for InGaMgO4 and InGaZn1-xMgxO4 (x = 0.1 – 0.9).  The optical properties 

of the Co2+ containing compositions proved to be strongly dependent on the C3v 

symmetry of the trigonal bipyramidal double layer, with complex transitions present in 

the visible region of the absorption spectra.  The absorption onset of the InGaZn1-

xMgxO4 (x = 0 – 0.5) samples showed the tunability of the band gap in these 

semiconducting materials, with inconsistencies present for x > 0.3.  The cobalt 

containing samples are frustrated antiferromagnets with spin glass behaviors restricting 

long range order from being observed, similar to the other compositions previously 

studied.  Future low temperature experiments would be suitable to further understand 

the short range ordering and spin glass behaviors of these materials. 
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4.5 Materials and methods 

 

Polycrystalline samples of InGaMMꞌO4 (M = Mg, Zn; Mꞌ = Co, Mg) (x = 0 – 1) 

were prepared using standard solid state reactions of In2O3 (99.99%), Ga2O3 

(99.999%), Co3O4 (99.9%), MgO (99.95%) and ZnO (99.99%).  Stoichiometric 

amounts of each oxide were intimately mixed with ethanol, pelletized, and then heated 

to 1300°C for 12-24 hours with intermediate grindings.  Each sample was analyzed for 

phase purity with a Rigaku Miniflex II diffractometer over 5 – 80° 2θ using Cu Kα 

radiation and a graphite monochromator on the diffracted beam.  Lattice parameters 

were refined using the GSAS software and EXPGUI user interface [43,44].   

Diffuse reflectance experiments over the UV-vis wavelength region were 

performed in David McIntyre’s lab in the OSU Physics Department.  The samples in 

these experiments were analyzed using an Ocean Optics HR-4000 spectrometer with a 

bifurcated (Y-shaped) optical fiber assembly with scanning monochromator and a CCD 

array detector [45].  For the UV-vis measurements, the samples were scanned from 250 

– 900 nm using a deuterium tungsten halogen light source and normalized using a 

standard sample of MgO for the reference.   

Zero-field-cooled (ZFC) DC magnetization data were collected with a Quantum 

Design Physical Properties Measurement System (PPMS) using the ACMS mode with 

a magnetic field of 0.50 Tesla from 5 to 300 K.  ZFC AC magnetization data were also 

collected with a QD PPMS using the ACMS mode with a frequency range of 10 – 1,000 
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Hz from 5 to 300 K.  Isothermal magnetization hysteresis curves were collected at 5 K 

with magnetic fields of ± 5 Tesla. 
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CHAPTER 5  

Structural and magnetic relationships in the In2Fe2-xGaxCuO7 solid solution 

 

5.1 Abstract 

  

The solid solution of In2Fe2-xGaxCuO7 (space group 𝑃63/𝑚𝑚𝑐) was 

synthesized and investigated through X-ray diffraction and magnetic susceptibility 

studies.  Limited changes to the lattice parameters were observed as a result of the 

similar ionic radii for Fe3+ and Ga3+ in the trigonal bipyramidal (TBP) crystallographic 

site.  All compositions exhibit spin glass behavior with an increase in the Weiss 

temperature from x = 0 – 2, but irregularities in the trend are apparent for x = 0.75 and 

1.  With the highest concentration in magnetic ions, In2Fe2CuO7 appears to have 

competing nearest neighbor interactions that produce a suppression of the Curie tail 

and the experimental magnetic moment.  In comparison to InFe1-xGaxCuO4, both solid 

solutions show an invariable progression of the lattice parameters, but the magnetic 

properties are greatly affected by the distinct TBP layering schemes. 
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magnetic investigations of In2Fe2-xGaxCuO7. J. Solid State Chemistry, 2013, 

204, 213-218.  

 
  



139 
 

5.2 Introduction 

 

 In an effort to understand the electronic interactions that occur within the TBP 

layers, a large number of tri- and divalent cations have been substituted into the TBP 

site of LnFe2O4 [1–9].  Additional layering schemes were also studies for a deeper 

understanding of the TBP coordination, leading to compositions such as Yb2Fe3O7, 

Yb3Fe4O10, and InFeO3(ZnO)m (m = 1 – 9) [5–16].   

Similar to the structure of LnFe2O4, the Yb2Fe3O7 structure can be described as 

a layering of YbO6 octahedra and FeO5 trigonal bipyramids, with the presence of two 

different iron environments, shown in Figure 5.1 [17,18].  This compound was 

discovered by Kimizuka et al. in 1974, but because of the complex interactions of the 

iron in two types of TBP layers, the true structure of the material was not determined 

until the independent work of Kato et al. and Malaman et al. [17–19].  Kato et al. most 

clearly described Yb2Fe3O7 (space group, 𝑃63/𝑚𝑚𝑐) as alternating layers of YbO3/2, 

FeO3/2 and Fe2O5/2, where a single TBP layer containing Fe3+ was present in addition 

to the double TBP layer of Fe3+/2+ [17].  The charge ordering of this material and that 

of analogous compositions has led to multiple reports of competing magnetic 

interactions through two types of ordering, one that occurs within the TBP layer and 

one that occurs along the c axis [20–23].   
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Figure 5.1 Crystal structure of Yb2Fe3O7, which is comprised of single YbO6 octahedra 

layers (grey) alternating with single (Fe3+)O5 TBP and double (Fe3+/Fe2+)O5 TBP layers 

(blue). 

 

Only recently have the structure/property relationships of the Yb2Fe3O7–type 

materials been investigated [24,26–31].  To the best of my knowledge, the first and 

only structural discussion of the In2Fe2CuO7 and In2FeGaCuO7 compositions was 

provided by Kimizuka et al., but the physical properties were not reported [5].  In this 

work (InFeO3)nCuO (n = 1 – 3) was determined to be isostructural to (YbFeO3)nCuO 

(n = 1 – 3) [5,32].  Each of these compositions possess layers of the InO6 octahedra 

layer alternating with a double layer of (Fe3+/Ga3+/Cu2+)O5 TBP and a single layer of 

(Fe3+/Ga3+)O5 TBP [5,6,9].  
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A comparison of the structural and transport properties of InGaCuO4 and 

In2Ga2CuO7 was performed by Cann et al., where the transport data showed these 

materials to be semiconductors with a band gap determined by an activation energy of 

0.50 eV, but the issue of a magnetic ground state was not addressed [28].  In a similar 

study, Qin et al. compared the effects of Mg2+ on both the structural and physical 

properties of LuFe2O4 and Lu2Fe3O7, and determined that, while the addition of Mg2+ 

suppressed charge and spin ordering in both systems, the effect in LuFe2O4 was greater 

[22]. 

In order to understand the relationship between the structure and magnetic 

interactions, the magnetic susceptibility has been measured for the substitutional series 

of In2Fe2CuO7 with non-magnetic Ga3+ replacing Fe3+.  The behavior of In2Fe2-

xGaxCuO7 has also been compared to that of the related system InFe1-xGaxCuO4.  

 

5.3 Results and discussion 

5.3.1 Lattice parameters and structural analysis of In2Fe2-xGaxCuO7 

 

The XRD patterns for In2Fe2-xGaxCuO7 are provided in Figure 5.2 and the 

results of the Le Bail refinement for each composition are provided in Figure 5.3 and 

Table 5.1.  For all compositions, the diffraction peaks for the entire pattern can be 

refined using the space group 𝑃63/𝑚𝑚𝑐 with no apparent impurity phases, indicating 

that a complete solid solution has been synthesized. 
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Figure 5.2 XRD patterns for selected compositions of In2Fe2-xGaxCuO7 (x = 0 – 2). 

 

 

Figure 5.3 Le Bail refinements of the hexagonal a and c lattice parameters for In2Fe2-

xGaxCuO7 (x = 0 – 2) compared to an internal Si standard. Inset: The c/a ratio follows 

an expected linear trend for a solid solution.  
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Given the similar ionic radii of Fe3+ (0.58 Å) and Ga3+ (0.55 Å), there is only a slight 

decrease in the a and c lattice parameters from x = 0 – 2 [32].  The literature values 

reported by Kimizuka et al. are also provided in Table 5.1, and there is good agreement 

between the studies for In2Fe2CuO7, In2FeGaCuO7 and In2Ga2CuO7.   

Table 5.1 Lattice parameters of In2Fe2-xGaxCuO7 (x = 0 – 2) determined through Le 

Bail refinements. Literature values for x = 0, 1, and 2 are provided from Kimizuka et 

al. [5]. 
 

[x] a (Å) c (Å) 

0 3.3535(1) 28.842(2) 

0 [5] 3.3515(2) 28.871(3) 

0.25 3.3511(1) 28.835(2) 

0.50 3.3513(1) 28.820(2) 

0.75 3.3463(1) 28.796(2) 

1 3.3461(1) 28.794(3) 

1 [5] 3.3421(2) 28.817(3) 

1.25 3.3454(2) 28.792(3) 

1.50 3.3421(1) 28.794(2) 

1.75 3.3396(1) 28.758(2) 

2 3.3332(1) 28.741(2) 

2 [5] 3.3319(1) 28.697(2) 

 

A comparison of the c/a ratios, provided in the inset of Figure 5.3, shows a linear trend 

representative of a complete solid solution, and a positive relationship as Ga3+ is 

substituted for Fe3+.  This positive relationship indicates that the c lattice parameter is 

more greatly affected by the addition of Ga3+, and although minor, this outcome could 

be the result of changes in the axial bond lengths while the equatorial bond lengths are 

fairly constant. 
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5.3.2 Magnetic study of In2Fe2-xGaxCuO7 

 

Zero-field-cooled (ZFC) DC magnetization was measured for all samples from 

5 – 300 K, with χDC and 1/χDC provided in Figure 5.4 – 5.7.  From the high temperature 

region of the 1/χ data (200 – 300 K), the Weiss constant (θW) and effective magnetic 

moment (μeff.) of each composition were extracted from a model of the Curie-Weiss 

law, Table 5.2.  The modified Curie-Weiss law was not implemented for this solid 

solution because there was no statistical difference between the two fitting methods, 

and the calculated values of χ0
 were statistically irrelevant.    

 
 

Figure 5.4 ZFC DC susceptibility (χDC) for In2Fe2-xGaxCuO7 (x = 0 – 1). 
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Figure 5.5 ZFC DC susceptibility (χDC) for In2Fe2-xGaxCuO7 (x = 1 – 2). 

 

 

 
Figure 5.6 Inverse ZFC DC susceptibility (1/χDC) for In2Fe2-xGaxCuO7 (x = 0 – 1).  
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Figure 5.7 Inverse ZFC DC susceptibility (1/χDC) for In2Fe2-xGaxCuO7 (x = 1 – 2).  

 

For compositions of x = 0 – 1, χDC shows an onset of a moment with the increase 

in Ga3+ concentration, but there is a decrease in the moment for compositions of Ga3+ 

greater than x = 1.  In Figure 5.8, ZFC and field-cooled (FC) magnetization data are 

shown for the samples x = 0.0 to x = 1.5.  The hysteresis between ZFC and FC data in 

the χDC can be associated with spin glass (SG) freezing.  The fraction of spins involved 

in SG freezing, represented by the ratio of the ZFC-FC difference to the total moment 

at the lowest temperature is on the order of 1%, and thus is not representative of the 

collective behavior of the majority of spins.  The freezing temperature, Tf, indicated by 

the arrows in the figure, tracks the Fe-concentration, suggesting that the frozen moment 

derives mainly from the Fe spins.   
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Figure 5.8 Temperature dependence of ZFC and FC magnetic susceptibility for In2Fe2-

xGaxCuO7 (x = 0 – 2).  For each composition an arrow indicates the freezing temperature 

(Tf).  

 

Table 5.2 Curie-Weiss parameters of In2Fe2-xGaxCuO7 from ZFC DC susceptibility 

measurements. 
 

[x] θW (K) μeff. (μB) μth. (μB) 

0.00 -892 9.10 11.97 

0.25 -523 9.28 10.50 

0.50 -334 8.79 9.05 

0.75 -15 6.05 7.60 

1.00 85 4.63 6.17 

1.25 -183 4.00 4.77 

1.50 -143 4.06 3.43 

1.75 -66 3.14 2.28 

2.00 -3 1.75 1.73 
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The effective (μeff.) and theoretical (μth.) magnetic moments of each composition 

are provided in Figure 5.9 and Table 5.2, where μth. were calculated per formula unit 

using the spin values for 5-fold coordinated high-spin Fe3+ (d5, S = 5/2) and Cu2+ (d9, 

S = 1/2).   

 
Figure 5.9 Magnetic moment dependence for In2Fe2-xGaxCuO7 (x = 0 – 2).  Nearest 

neighbor interactions produce deviations in the μeff. compared to the μth. for 

compositions with high Fe3+ content.  

 

The dilution of magnetic Fe3+ with the addition of Ga3+ is observed through a 

decrease in μeff., but compositions with high Fe3+ content show a deviation from the 

theoretical magnetic moment as a result of competing nearest neighbor interactions.   

The calculation of μeff. assumes the same θW for the Fe- and Cu-derived spins, which is 

not required in the case of arbitrary coupling between the two sublattices.  In the present 

case, however, the reasonably good agreement between μeff. and μth.  suggests the 



149 
 

validity of this approximation and in particular a strong coupling between the Fe and 

Cu sublattices in the strongly paramagnetic temperature region. 

It is apparent that θW increases with Ga3+ concentration, shown in Figure 5.10, 

from θW = -891 K for x = 0 to θW = -3 K at x = 2.  This trend can be understood 

qualitatively by the dilution of magnetic ions in the TBP site, where ferromagnetic 

interactions between the single and double TBP layers would reduce the 

antiferromagnetic mean field within the double layer.  Irregularities in this trend are 

observed for x = 0.75 and 1, where the ferromagnetic interaction seems to dominate.   

 
Figure 5.10 Weiss temperature dependence for In2Fe2-xGaxCuO7 (x = 0 – 2).  An 

increase of the W shows that the dilution of magnetic ions results in possible 

ferromagnetic interactions between the TBP layers interfering with the 

antiferromagnetic interactions within the layers.  
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For these compositions it should be noted that the 1/χDC data deviate from the fit at a 

higher temperature, suggesting the onset of short-range correlations at a higher 

temperature. The observed lack of a long range order feature in χ, in addition to the 

systematic progression of θW suggest that the Fe-Fe interactions are mainly responsible 

for the mean field and that these interactions are frustrated in producing long range 

magnetic order, which is not surprising given the triangular symmetry of the lattice.  

 

5.3.3 Physical property comparison of In2Fe2-xGaxCuO7 to InFe1-xGaxCuO4 

 

As shown in Figure 5.11, the crystal structures of InFe1-xGaxCuO4 and In2Fe2-

xGaxCuO7 can be described as variations of (InMO3)n(M'O)m, where M = Fe3+/Ga3+ and 

M' = Cu2+.      

 

Figure 5.11 Structural comparison of (InMO3)2(M'O) (left) to (InMO3)(M'O) (right). 
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When (n + m) equals an even integer, such as with InFeCuO4, the compound 

crystallizes into the non-centro-symmetric space group 𝑅3̅𝑚 and contains a double 

layer of the (M/M')O5 TBP [9].  Conversely, when (n+m) equals an odd integer, such 

as with In2Fe2CuO7, an additional single TBP layer is introduced into the structure and 

the centro-symmetric 𝑃63/𝑚𝑚𝑐 space group is obtained [9]. 

The parallel substitution of Ga3+ for Fe3+ in both crystal structures confirms that 

the structural relationships of the TBP crystallographic site in these materials are 

independent of the layering scheme.  In agreement with this study, the solid solution of 

InFe1-xGaxCuO4 was shown to have limited structural alterations as Ga3+ is substituted 

for Fe3+, regardless of the layering schemes that result in different space groups [31].  

The variations in symmetry produced from the alternative layering schemes are not 

only observed in the diffraction patterns of these materials, but also through differences 

in the magnetic interactions of each solid solution.  Difficulties in determining the 

magnetic ground state of InFeCuO4 have previously been discussed, where thermal 

remnant magnetization pointed towards ferrimagnetism, but a shift in the AC 

susceptibility indicated spin glass behavior [29,31].  Spin glass behavior was also 

discussed for InFe1-xGaxCuO4 [31].  In the present study, SG-like freezing of spins is 

seen, without evidence of long range antiferromagnetic ordering.   

For both solid solutions, there is an increase in θW as Ga3+ is substituted for Fe3+, 

in addition to an anomaly of that trend at In2FeGaCuO7 and InFe0.6Ga0.4CuO4.  As 

shown in Figure 5.12, the gradual increase in ferromagnetic interactions is observed for 

both InFe1-xGaxCuO4 and In2Fe2-xGaxCuO7, but the irregularity near 50% Fe3+ is less 

extreme for InFe1-xGaxCuO4.  The large positive θW for In2FeGaCuO7 demonstrates a 
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dominant ferromagnetic interaction between the single and double TBP layers.  The 

absence of the single layer in InFe1-xGaxCuO4 results in fewer ferromagnetic 

interactions, producing a more linear relationship of θW with x.   

 
Figure 5.12 Weiss temperature dependence for In2Fe2-xGaxCuO7 (x = 0 – 2).  

 

The interactions between the TBP layers also influence the μeff. in these materials, 

shown in Figure 5.13.  As described, the deviations observed for In2Fe2-xGaxCuO7 could 

be credited to nearest neighbor interactions.  For InFe1-xGaxCuO4, much less deviation 

from μth. is observed, attesting to the increased magnetic frustration produced by the 

additional single TBP layer in In2Fe2-xGaxCuO7. 
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Figure 5.13 Comparison of magnetic moment dependence for In2Fe2-xGaxCuO7 (x = 0 

– 2) and InFe1-xGaxCuO4 (x = 0 – 1) [31].   
 

 

5.4 Conclusion 

 

The In2Fe2-xGaxCuO7 solid solution (space group 𝑃63/𝑚𝑚𝑐) has been 

successfully synthesized and investigated through X-ray diffraction and magnetic 

susceptibility studies.  As a result of the similar ionic radii for Fe3+ and Ga3+ in the TBP 

site, there was little variation in the a and c lattice parameters observed across the 

compositional range.  The magnetic susceptibility indicates that this frustrated system 

has a small concentration of frozen spins (approximately 1%) leading to freezing 

temperatures that track the concentration of Fe3+.  The increasing θW across the solid 
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solution agrees with the dilution of the magnetic Fe3+, but the irregularities in this trend 

at x = 0.75 and 1 should be studied further.  A comparison of the InFe1-xGaxCuO4 and 

In2Fe2-xGaxCuO7 solid solutions indicate that the additional single TBP layer 

significantly changes the magnetic properties of this material, but it does not affect the 

progression of the structural parameters. 

 

5.5 Materials and methods 

 

Polycrystalline samples of In2Fe2-xGaxCuO7 (x = 0 – 2) were prepared using 

standard solid state reactions with In2O3 (99.99%), Ga2O3 (99.999%), Fe2O3 (99.99%) 

and CuO (99.99%).  To synthesize the compositions of In2Fe2-xGaxCuO7 (x = 0 – 1), 

stoichiometric amounts of each oxide were intimately mixed under ethanol, pelletized, 

and then heated at 1050 °C for 48 h with intermediate grindings.  The compositions of 

In2Fe2-xGaxCuO7 (x = 1.25 – 2) were synthesized using equivalent procedures, but a 

reaction temperature of 1200 °C were required for phase purity.   

Powder X-ray diffraction (XRD) data were obtained on all samples with a 

Rigaku Miniflex II diffractometer over 5 – 80° 2θ using Cu Kα radiation and a graphite 

monochromator on the diffracted beam.  Polycrystalline silicon (99.999%), a0 = 5.4301 

Å, was used as an internal standard for precise lattice determination.  Lattice parameters 

were refined through the Le Bail method using the GSAS software and EXPGUI user 

interface [33,34].  Zero-field-cooled (ZFC) DC magnetization data were collected on 

all samples with a Quantum Design Physical Properties Measurement System (PPMS) 
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using the ACMS mode with a magnetic field of 0.5 Tesla from 5 to 300 K.  Additional 

measurements of the ZFC and field-cooled (FC) magnetization were performed with a 

Quantum Design Superconducting Quantum Interference Device (SQUID) 

magnetometer, in order to characterize the hysteresis associated with spin glass 

behavior. 
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General Conclusions and Future Work 

 

The study of solid state chemistry is focused on the desire to develop superior 

materials that will benefit every aspect of modern life.  One of the most effective ways 

to develop new materials is to thoroughly understand the structure–property 

relationships of known compounds.  Many physical properties are directly related to 

the specific crystal structure of a compound, this is especially true for optical, dielectric 

and magnetic materials.  The work in this dissertation has used cation substitutions into 

the trigonal bipyramidal site of YbFe2O4–type compounds to further understand how 

this rare crystallographic coordination dictates the observed physical properties.  The 

triangular geometry of the cations in the TBP layer add a component of frustration into 

the system, specifically with the magnetic properties, and this was present in all 

investigated compositions. 

It was apparent with the initial study that ionic radii was not the only 

consideration that were necessary for understanding the structural changes present in 

InM3+Cu1-xMgxO4 (M
3+ = Al, Fe, Ga).  The drastic increase in the c lattice parameter 

was present in all three solid solutions, although the Al3+ and Fe3+ solid solutions were 

limited by the thermodynamic stability of the MgAl2O4 and InFeMgO4 spinel 

structures.  When comparing the electronegativities of Cu2+ and Mg2+, magnesium 

forms a much more ionic bond with oxygen, leading to a larger c axis.  This 

electronegativity difference altered the total band structure of the material, which was 

observed in the optical properties of InAlCu1-xMgxO4 (x = 0 – 0.3).  The dielectric 
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properties of InM3+Cu1-xMgxO4 (M
3+ = Al, Ga) proved to be highly dependent on the 

polarizability of the Cu2+ cation, which was diluted with the addition of Mg2+.  Both of 

these solid solutions showed extremely high loss factors, pointing toward a slight 

semiconductivity in this family of materials.  The magnetic properties of the InM3+Cu1-

xMgxO4 (M3+ = Al and Ga) solid solutions were indicative of frustrated 

antiferromagnets with spin glass behaviors at low temperatures, but these interactions 

were complicated with the presence of two magnetic cations.  Although there were spin 

glass behaviors observed for InFeCu1-xMgxO4, there were also ferrimagnetic behaviors 

present in the low temperature isothermal magnetization.  For the InGa1-xFexO4 solid 

solution, there were limited changes in the structural parameters as a result of the 

similar ionic radii and electronegativies of the two cations.  Similar to InFeCu1-xMgxO4, 

the introduction of a second magnetic cation into the InGaCuO4 lattice increased the 

frustration of the system and indications of ferrimagnetic behaviors.  The co-

substitution of the InGa1-xFexCu1-xMgxO4 solid solution was an appropriate proof-of-

concept study that confirmed the observations seen in the aforementioned solid 

solutions. 

 InGaZnO4 is a well investigated composition for its transparent conducting 

oxide applications, but there are discrepancies in the literature concerning the local 

structure of the Zn2+.  It was determined that the difference in electronegativities caused 

a decrease in the lattice parameters for InGaZn1-xCoxO4, but this structural change was 

not observed for InGaMg1-xCoxO4.  Interestingly, a substantial decrease in the c 

parameter was also observed in InGaZn1-xMgxO4, but it could not be explained by the 
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difference in electronegativities.  The bulk structural parameters of these materials 

indicate that Co2+, Mg2+ and Zn2+ are all located in the double trigonal bipyramidal 

layer, but local structure refinements would be desirable for determining the true M2+ 

coordination.  From the diffuse reflectance spectra, it was apparent that the Co2+ was 

indeed in a disordered TBP coordination.  There was an obvious trend in the band gap 

estimations for InGaZn1-xMgxO4, but the linear trend was disrupted for x > 0.3.  Lastly, 

the magnetic properties of the InGaMg1-xCoxO4 compositions were determined to 

exhibit spin glass behaviors from the AC susceptibility and isothermal magnetization, 

although there was no transition in DC susceptibility.  These observations are believed 

to be the result of a large amount of disorder in the structure from the diluted cobalt 

concentration, in addition to the geometric frustration that is inherit to this structure 

family. 

As a comparative study, the structure–property relationships of In2Fe2-

xGaxCuO7 were compared to those of InFe1-xGaxCuO4.  The additional single trigonal 

bipyramidal layer was believed to simplify the magnetic properties of these materials, 

but this was not found to be correct.  As seen in InFe1-xGaxCuO4, there were limited 

structural changes for In2Fe2-xGaxCuO7 as a result of the similar ionic radii and 

electronegativies of Fe3+ and Ga3+.  The DC magnetic susceptibility showed broad 

antiferromagnetic transitions that had a maximum magnetization at x = 1.  The Weiss 

constants also followed this general trend, where there was a decrease in the AFM 

interactions with the dilution of Fe3+.  For the In2FeGaCuO7 composition, the 

ferromagnetic interactions between the two magnetic trigonal bipyramidal layers 
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overcame the antiferromagnetic interactions within the TBP layers.  This interlayer 

compensation was also apparent through the effective magnetic moments, which were 

much lower than the theoretical magnetic moments.  The additional single trigonal 

bipyramid layer proved to further complicate the magnetic properties, instead of 

simplify those seen in InFe1-xGaxCuO4.   

The collective results of this dissertation exemplifies the need for future 

research and continued work in the field of solid state chemistry.  Specifically for the 

compositions containing two magnetic cations, in-depth low temperature magnetic 

studies would be necessary to determine the magnetic ground state of these frustrated 

antiferromagnets.  Additionally, local structure refinements should be completed to 

provide concrete data concerning the true coordination of Zn2+ in the YbFe2O4 

structure.  This family of compounds has proved to be extremely interesting, and the 

systematic studies provided herein will be able to aid in the future development of 

functional transition metal oxides.   
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