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Abstract 

Various transition metal oxides with interesting magnetic properties (often based 

on the perovskite structure) were prepared using conventional solid-state methodologies 

and fully characterized using a variety of techniques such as powder X-ray diffraction, 

variable temperature neutron diffraction, SEM-EDS, TEM-EDS, SQUID magnetometry 

and heat capacity measurements. 

One family of compounds that was investigated intensively were the 'pillared 

perovskites'. In this structure type, perovskite-like layers of comer shared octahedra are 

separated. by about 10 A by diamagnetic edge-shared octahedral dimer 'pillars'. Despite 

this long distance between layers, long-range order is present in both the La5Re3Co016 

and LasRe3Ni016 members. In fact, a new magnetic structure was discovered for the Ni 

compound consisting of ferromagnetically ordered layers, coupled antiferromagnetically. 

In addition, for the first time, substitution of the 5+ ion within the layer was 

successful, yielding compounds with general formula, La5Re3_xTaxB016 (B =Mn, Fe, Co, 

Ni; x ~ 0.5). Surprisingly, despite replacing about half of the magnetic ions within the 

perovskite layers with non-magnetic tantalum, the materials had the same ordering 

temperatures and magnetic structures as their unsubstituted analogues. This observation 

is evidence that the longer interlayer coupling pathway is the key to long-range ordering 

in this structure type. 

The lanthanum rhenium oxide, La3Re20 10, involves the edge-shared octahedral 

dimer 'pillar' unit from the pillared perovskite structure, but with one unpaired electron 

per dimer unit. Prepared for the first time by solid-state synthesis, and studied 
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magnetically in depth, long-range order was evident at 18 K. Theoretical investigations 

hinted that the magnetic structure consists of antiferromagnetically coupled chains of 

dimers, coupled antiferromagnetically. 

The magnetic properties of the double perovskite, SrLaRuNi06, were also 

explored for the first time. This study demonstrates the power of neutron diffraction at 

elucidating magnetic information, such as the ordering temperature and magnetic 

structure, despite the presence of a ferromagnetic impurity that dominated much of the 

measurements. 

The candidate's examination of the magnetism of the rock-salt oxides, 

Na2Cu2Te06 and Na3Cu2Sb06 has raised some controversy in the literature, as the exact 

nature of the one-dimensional order (either antiferromagnetic-antiferromagnetic or 

antiferromagnetic-ferromagnetic alternating linear chains) is uncertain. Again, 

theoretical calculations and comparison with other magnetic data can aide in the ultimate 

understanding of the overriding magnetism. 

This thesis has focussed on the synthesis and study of transition metal oxides with 

interesting or unusual magnetic properties. In many cases, the compounds exhibited 

long-range magnetic order despite convoluted or non-existent magnetic superexchange 

pathways. 
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Chapter 1 

Introduction 

This chapter introduces key concepts that will be illustrated in the following 

chapters, including the perovskite structure type, magnetism and magnetic superexchange 

in particular, as well as metamagnetism and spin flop transitions. 
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1.1 Thesis Outline 

Magnetism is an unusual natural phenomenon that has fascinated man since 

ancient times. Much research has focussed on experimental and theoretical investigations 

of magnetism and magnetic properties of materials. Interesting and useful properties 

such as superconductivity and colossal magnetoresistance have been discovered and are 

still being intensely researched. 1
•
2 In fact, the 2007 Nobel Prize in Physics was awarded 

to Prof. Albert Fert and Prof. Peter Grunberg, who each independently discovered the 

giant magnetoresistance phenomena.3 However, despite an enormous body of research, 

there is currently no reliable method for predicting a compound's magnetic properties 

before it has been synthesized and magnetically characterized. 

This Ph.D. thesis has focussed on the preparation and characterization of 

seemingly low-dimensional transition metal oxides (typically based on the perovskite 

structure type) that exhibit long-range order, despite large separation lengths between 

magnetic centres. It is structured as follows. Chapter One continues with a brief 

introduction of perovskites, general magnetism and magnetic superexchange in oxides. 

Each Chapter focuses on a unique research project within the scope of this thesis and has 

its own brief introduction. Chapter Two details the experimental methods (both theory 

and specific instrumentation) used by the author to synthesize and study these materials. 

Chapters Three through Seven describe the author's research in detail, while Chapter 

Eight is a general summary of the thesis research and conclusions. 

Specifically, Chapter Three discusses the further investigation of the magnetic 

properties and magnetic structures of two "pillared" perovskites, La5Re3M016 (M =Co, 
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Ni). Long-range magnetic order is evident in these layered compounds, despite an 

interlayer distance of over 10 A, and a completely different magnetic structure than the 

other series member was found for the Ni compound.4 The focus of Chapters Four is the 

synthesis and complete magnetic characterization of a new series of "pillared" 

perovskites- La5Re3_xTaxB016 (B =Mn, Fe, Co, Ni; x,...., 0.5). The extent oftantalum(V) 

substitution was also investigated thoroughly, as the synthetic challenges in this system 

were not trivial. The substitution of non-magnetic tantalum(V) further dilutes the 

magnetic system, however, long-range order persists within this series of compounds. 

With critical temperatures within a few degrees from their all rhenium derivatives, it 

appears the interlayer connectivity pathway is the key to long-range magnetic order. 

Chapter Five outlines the first polycrystalline synthesis and full magnetic 

characterization of La3Re201o, a compound with relatively isolated, magnetically active 

"dimer" units that unexpected orders at 18 K.5 Chapter Six recounts the synthesis and 

magnetic investigation of the double perovskite, SrLaRuNi06. A case of pseudo

symmetry and a high degree of correlation between the two different magnetic moments 

made a single unique magnetic struchire solution impossible to determine. However, this 

study did demonstrate the power of neutron diffraction in determining magnetic 

properties of a particular compound when bulk susceptibility data suffer from 

contamination by ferromagnetic impurities. Finally, Chapter Seven describes the author's 

contribution to the magnetic characterization and understanding of the low-dimensional, 

ordered rock-salt oxides, Na2Cu2Te06 and Na3Cu2Sb06. In this case, the specific bond 
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lengths and angles between interacting magnetic centres plays a critical role in 

determining the overall magnetic properties of the system. 6•
7 

1.2 Perovskite Structure Type 

The perovskite structure type is one of the most prevalent and robust in transition 

metal oxide chemistry. The basic formula is AB03 and the ideal structure is cubic (Pm-

3m), illustrated in Figure 1.1 for SrTi03. It can be described as a three-dimensional 

framework of comer-shared B06 octahedra, with A-site cations occupying the 12 co-

ordinate interstices. 8 Both the A and B cations form a cubic close packed lattice, and all 

of the atoms lie on special positions. 

What makes the perovskite structure so versatile is that various distortions away 

from cubic symmetry are possible, while maintaining the same basic structure type. 

Three different distortions have been identified: distortions of the B06 octahedra, B-site 

cation displacements and tilting of the B06 octahedra. Octahedral tilting is the most 

common type of distortion, resulting in lower crystal symmetry. Glazer9 and 

Woodward10
'
11 have developed systems to describe the various tilting schemes that are 

possible and the space groups associated with them. The apparent driving force behind 

this type of distortion is the differences in size and charge of the ions on the A and B sites. 

A "tolerance factor" 12 has been defined that roughly determines the stability of the 

perovskite structure in terms of the A and B cation sizes, as well as the oxygen radius: 

1.1 
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Figure 1.1. Crystal structure of the ideal AB03 perovskite. The green spheres represent A 
site cations, the blue octahedra are B-site ions with oxygens located at comers of the 
polyhedra. 
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The perovskite structure is stable in the range 0.8 ~ t ~ 1. Outside of this range, other 

phases, such as hexagonal AB03 structures or pyroxenes, are more stable. The most 

stable perovskites have A-site cations that have larger radii than the B-site cations, and 

distortions away from cubic symmetry are noted when these ratios are not ideal (i.e. t =t. 

1 ). 

Another remarkable feature of the perovskite structure is its tolerance for A and B 

site substitution. "Double perovskites", AA'BB'06 (A= A' or A =t-A'; B =t- B'), are formed 

when the B-site cations are occupied by two different elements. The A sites may contain 

all the same element or not. As with the ideal perovskites, distortions away from cubic 

geometry are common, as is octahedral tilting. However, depending on the charge and 

size difference between the B and B 'cations, they may be randomly distributed or site 

ordered within the structure. If the B and B 'ions are ordered, they each form a face

centred cubic lattice (Figure 1.2). Of course, if B and B 'are magnetic, whether they are 

ordered or randomly distributed over the B sites plays a critical role in their observed 

magnetic behaviour. 13
-
16 Chapter Six describes the synthesis and subsequent magnetic 

characterization of one such double perovskite compound, SrLaRuNi06• 

Finally, a relatively new structure type, derived from the basic perovskite 

structure, has been identified. The so-called "pillared perovksite" is pictured in Figure 

1.3. The general formula is LnsD2AB016, where Ln is a lanthanide (La3+); Dis a 4d or 5d 

transition metal such as Mo 4+, Res+ or Os5+; and A and B are a specific combination of 3d, 

4d or 5d transition metals (such as Mos+ with Mo4+ or Mn2+, Co2
+, Mg2

+ or Ni2l 17
-
19

; 

(Re5+ with Mn2
+, Fe2

+, Co2+, Ni2+ or Mg2+)4
•
20

-
22

; or (Os5+ with Mn2+)23
• 
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Figure 1.2. Crystal structure of an ordered A2BB '06 double perovskite. The green 
spheres are the A site ions; the pink and blue octahedra are the B and B' ions, respectively 
with oxygens located on the comers of the polyhedra. 
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Figure 1.3. Crystal structure of a "pillared perovskite", Ln5D2AB016 • The Ln ions are 
green spheres; the D 20 10 dimer "pillar" is in dark blue; the ordered A and B-site cations 
are the light blue and pink octahedra, respectively, with oxygens located at the comers. 
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From the Figure, it is clear that the structure contains perovskite-like layers of 

comer-shared A06 and B06 octahedra that are usually charge-ordered. "Pillars", 

consisting of edge-shared D20 10 octahedral dimer units, separate the layers by about 10 

A, and only connect through the B site cations. Due to metal-metal bonding within the 

dimers, electrons are typically paired~, and the "pillars" are diamagnetic. The lanthanide 

ions are contained in interstitial sites between the layers, and can also be non-magnetic. 

Due to the lattice topology, where normally the only ions containing unpaired 

electrons reside within the perovskite layers, one would expect two-dimensional 

magnetic behaviour with only weak interactions (if any) between the planes. However, 

long-range order has been observed for most of these systems, with relatively high 

critical temperatures (160-180 K) in some cases. 18
-
21 Chapters Three and Four discuss 

further investigations of this interesting magnetic behaviour for some of these systems. 

1.3 Magnetism 

Free Ion Magnetism 

All matter responds in some way to an applied magnetic field. Magnetic 

susceptibility (X) is defined as the magnetization of a material in response to an applied 

magnetic field. Compounds react differently on the susceptibility scale, depending on 

how the electrons are arranged. Electrons paired in orbitals (such as "core electrons") 

exhibit diamagnetism. Induced charge density currents act to oppose an applied magnetic 

field, and hence diamagnetism is negative. It is also temperature independent. The 

diamagnetic contribution to an atom's overall magnetic susceptibility is typically a few 
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orders of magnitude smaller than any paramagnetic contribution, which is always 

positive. 

Paramagnetism results from any unpaired electrons as well as their associated 

orbital angular momentum. If the coupling between the spin and the orbital angular 

momentum is negligible (typically the case for a transition metal), the total magnetic 

moment on a paramagnetic atom can be expressed by equation 1.2: 

1.2 

where J1 is the magnetic moment operator, µsis the Bohr magneton, l is the orbital 

angular momentum operator, Sis the spin angular momentum operator and gs equals 2 

(for a free ion). However, when spin-orbit coupling can not be ignored (i.e. for a 

lanthanide ion), the magnetic moment depends on the total angular momentum (J): 

1.3 

where J is a combination of orbital and spin angular momentum and g1 is given by: 

3 S( S + 1) - L( L + 1) 
gj =2·+ 2J(J +1) 1.4 

These equations work for an isolated free ion, and do not account for crystal field effects 

or the interactions between magnetic ions. The next few sections discuss cooperative 

magnetic effects. 

Paramagnetism and the Curie Law 

Paramagnetism is a random arrangement of magnetic spins in space and time. It 

can consist of temperature dependent and independent parts. Several magnetic states can 

be accessed according to a Boltzmann distribution, which is weighted according to the 
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population of states. Applying Perturbation Theory results in the van Vleck equation, 

which describes the magnetic susceptibility (X) of a material as a function of temperature, 

T: 

1.5 

where <M> is the average magnetization, His the external applied magnetic field, It is 

the ground state energy and Jf.O and E2
) are the first and second order Zeeman energies, 

respectively (which arise from the magnetic moment operator operating on the ground 

and excited state wavefunctions); kB equals Boltzmann's constant, and the index, n, 

denotes accessible states. High temperature expansion of van Vleck's equation leads to 

the Curie Law, which describes temperature dependent paramagnetism with no 

interactions between moments: 

c x=
T 

1.6 

where C is the Curie constant. The Curie Law is valid for paramagnets with no thermally 

accessible states whose populations vary with changing temperature. If a temperature 

independent term is considered, it simply results in an additive term: 

c 
x=-+TIP 

T 

The Curie constant can be defined in terms of the total angular momentum quantum 

number, J, which is a combination of both the orbital quantum number, Land spin 

quantum number, S: 

1.7 
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C = Ng2(µs)2 J(J +l) 1.8 

3k8 

The constant terms (N µ/ 13ks) equate to 118. For transition metal oxides, the orbital 

angular momentum is typically quenched due to crystal field effects, and the equation 

simplifies by substituting S for J. An effective "spin-only" moment, µelf, can be defined 

in terms of the Lande g factor mentioned previously: 

1.9 

and the Curie constant can now be expressed in terms of the effective moment: 

1.10 

An important thing to remember when dealing with 'real' compounds is that the Curie 

constants are directly additive, whereas the effective moments are additive in quadrature: 

1.11 

When interactions between magnetic moments are not negligible, an extra term 

must be added to the Curie Law: 

1.12 

where 8 is the Weiss constant. This sets the energy scale for the magnetic interactions. 

In addition, when the proper form of the magnetic exchange Hamiltonian is used (see 

equation 1.13 ), the sign of the Weiss constant in the now so-called Curie-Weiss Law, can 

denote the type of magnetic interactions. According to Mean Field Theory, a negative 
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Weiss constant indicates antiferromagnetic interactions, whereas a positive Weiss 

constant denotes ferromagnetic interactions. 

Magnetic Exchange 

Magnetic interactions between electrons in two different atomic orbitals on two 

different atoms can be described using the Heisenberg-Dirac-Van Vleck magnetic 

exchange Hamiltonian: 

H=-2JL s .• s. 
.. l J 
lJ 

1.13 

where J is the spin exchange constant (not the total angular momentum), andS; and Sj 

are the values for the spin on the two interacting electrons, respectively. For this 

definition of the spin exchange Hamiltonian, when J is positive, a ferromagnetic 

interaction is preferred. For a negative J value, an antiferromagnetic alignment 

dominates. 

The basics of magnetic exchange can be described in terms of electron transfer 

and interaction between ions. For simple cases, application ofHund's rule and the Pauli 

principle can help explain the sign of the exchange interaction. Goodenough and 

Kanamori developed a set of "rules" to treat cation-cation, cation-anion-cation and 

cation-anion-anion-cation magnetic superexchange for 180° and 90° interactions.24
•
25 

Due to many competing exchange interactions for intermediate angles, reliable 

predictions are difficult to estimate. 

For oxides compounds, understanding cation-anion-cation magnetic 

superexchange is important. In this case, the diamagnetic oxygen anion mediates the 

exchange between the two paramagnetic transition metal centres. Figure 1.4 details the 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 14 

180° superexchange interaction between two Mn3
+ centres (S = 2). From the overlap of 

the metal d orbitals and the oxygen 2p orbitals, and application of the Pauli principle, 

an ti ferromagnetic exchange would be preferred. Depending on the angle, the sign of the 

superexchange interaction might be different. For example, 90° superexchange in this 

case would be ferromagnetic. 

Often, two different metal ions are involved in the 180° superexchange pathway. 

This case is illustrated in Figure 1.5. Here, a ferromagnetic interaction between a 

partially occupied eg and empty eg orbital on the two different metal centres is preferred. 

A common method for determining the magnitude of the magnetic interactions 

within a solid is to measure the magnetic susceptibility (X,), which was discussed earlier 

with respect to the Curie Law. 

Characterization of Magnetic Systems 

A more quantitative treatment of magnetic interactions is to use the general 

Hamiltonian (H) for localized magnetic moments (S) under the influence of magnetic 

field, H: 

H = -2 ~ .. Jij(aSt s; +b(StSJ +S{ Sf))- gµBH ~.si 
~lj ~l 1.14 

where Jij is the exchange constant between two sites, i and j; and the coefficients a and b 

are constants which depend on the dimensionality of the moments (D), or the anisotropy 

of the system. This is distinct from the dimensionality of the system ( d), which is 

determined purely from crystallography. More details on spin and lattice dimensionality 

appear below. The final term in the above equation accounts for the effect of an external, 

applied magnetic field, H, on the localized moments on the lattice. 
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Figure 1.4. Magnetic superexchange illustrated for Mn3+ - 0 - Mn3
+ with 180° bonding 

angle and octahedral crystal field. The t2g and eg orbitals have been separated into up ( +) 
and down (-) spin components. The orbital overlap is shown at the bottom. This 
particular superexchange results in antiferromagnetic coupling between the metal centres. 
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Figure 1.5. Magnetic superexchange illustrated for Mn3+ - 0 - Mn4
+ with 180° bonding 

angle and octahedral crystal field. The t2g and eg orbitals have been separated into up ( +) 
and down (-) spin components. The orbital overlap is shown at the bottom. This 
particular superexchange results in ferromagnetic coupling between the metal centres. 
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Dimensionality of Magnetic Lattices 

Magnetic systems can be classified according to two simple terms: the lattice 

dimensionality ( d) and the spin dimensionality (D). The lattice dimensionality ( d) is 

related to the crystallographic structure of the system, and more precisely, the magnetic 

sublattice. Based on the location of the magnetic moments, a distinction between!

dimensional (chain-like, d = 1 ), 2-dimensional (planes or layers, d = 2) and 3-

dimensional (network, d = 3) can be made. 

On the other hand, the spin dimensionality (D) describes the symmetry or 

geometric restrictions of the magnetic moments involved. It refers to the anisotropy of 

the magnetic spins. If the spins are constrained to lie, either up or down, along one 

preferred magnetization axis (e.g. the z axis), and do not deviate at all, they are called 

Ising spins (D = 1; a= 1, b = 0). If the orientation of the spins lies in only one defined 

plane, with no component perpendicular to this plane, they are referred to as XY magnets 

(D = 2; a = 0, b = I). When the spins are allowed to point in any direction and are 

isotopic, they are referred to as Heisenberg spins (D = 3; a = b = 1 ). The general spin 

Hamiltonian (equation 1.14) can account for all three models through the combinations of 

a and b coefficients shown. However, not all combinations of lattice and spin 

dimensionalities lead to uniquely defined long-range ordered ground states for the 

magnetic system. Table 1.1 lists the possible combinations of d and D for which 

magnetic long-range order is possible. 
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Table 1.1. Long-range Magnetic Order Possibilities for Lattice and Spin Dimensionality 

Lattice Dimensionality 

d=l d=2 d=3 

Spin Dimensionality (Chains) (Planes) (Network) 

D = 1 (Ising) x ,/ ,/ 

D=2(XY) x x ,/ 

D = 3 (Heisenberg) x x ,/ 

Certain trends are clear from examination of the Table. In crystallographic 3-D 

networks (d = 3), long-range magnetic order can exist for Ising, XY or Heisenberg spins. 

In constrast, no trued= 1 system has been found to exhibit a transition to long-range 

magnetic order for any spin dimensionality, D. In the case oflayered compounds (d = 2), 

ordered systems with Ising spins (D = 1) exist, but Heisenberg (D = 3) do not, for 

example. 

Conventional Magnetic Ground States 

There are three classic motifs for arranging localized magnetic moments to 

achieve long-range magnetic order at low temperatures: ferromagnetism, 

antiferromagnetism and ferrimagnetism. 

In a ferromagnet, all localized magnetic moments are aligned parallel to a 

preferred magnetization axis (Figure 1.6). This is manifested as an observation of a 

spontaneous magnetic moment at low temperatures. Large net magnetization results, 

which is proportional to the total or saturation magnetic moment: 

1.15 

Bulk magnetization measurements show hysteresis behaviour and large saturation at low 

temperatures. In magnetic susceptibility measurements, ferromagnetism is observed as a 
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large rise in susceptibility at low temperature, with the critical temperature (Tc) taken as 

the inflection point of this curve. 

Antiferromagnets can be thought of as two interpenetrating magnetic sub lattices, 

with equal values for the magnetic moments, that are aligned antiparallel to each other 

along a preferred magnetization axis (Figure 1. 7). As a result, the net magnetization 

along this axis in the ordered state is zero, apart from thermal excitations. In bulk 

susceptibility measurements, antiferromagnetism is identified as a peak in the data at low 

temperatures, with the apex typically taken as the critical temperature (Tc) of the 

transition. Sharp peaks typically denote long-range order, whereas broader features are 

often indicative of shorter range interactions. 

F errimagnets, similar to anti ferro magnets, consist of two or more interpenetration 

magnetic sublattices, arranged antiparallel to each other, but where the values of the 

moments do not exactly cancel (Figure 1.8). This creates a net residual magnetic 

moment, similar to a ferromagnet. As a result, ferrimagnets often have characteristics 

that are similar to both antiferromagnets and ferromagnets. A canted antiferromagnetic is 

an interesting example of weak ferrimagnetism, as the slight tilting of the moments on 

one of the sub lattices creates a small residual ferromagnetic component. Situations like 

ferrimagnetism and canted antiferromagnetism often arise on mixed valent materials. 
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Figure 1.6. Ferromagnetism depicted for a 2-dimensional arrangement of spins [left], and 
manifested in a typical magnetic susceptibility measurement [right]. 
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Figure 1. 7. Antiferromagnetism depicted for a 2-dimensional arrangement of spins [left], 
and manifested in a typical magnetic susceptibility measurement [right]. 
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Figure 1.8. Ferrimagnetism depicted for a 2-dimensional arrangement of spins [left], and 
manifested in a typical magnetic susceptibility measurement [right]. 
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1.4 Metamagnetism and Spin Flop 

The concepts of metamagnetism and spin flop are closely related. Both of these 

magnetic phenomena depend on the relative magnitudes of effective fields present within 

a sample below its critical temperature for magnetic long-range order. One such field is 

the exchange field (Hex), which controls the strength of the magnetic interactions between 

individual moments. If the exchange field is relatively weak, an external applied field is 

often able to destroy the magnetic order within a compound. The second effective field is 

the anisotropy field (Hanis). The magnitude of this field dictates how strongly the 

moments are aligned along a particular preferred axis. The stronger the anisotropy field, 

the greater the external field applied antiparallel to the preferred axis of orientation 

required to change the orientation of the moments. As a result, a compound should 

possess relatively weak antiferromagnetic interactions as well as a preferred axis for the 

alignment of these moments, in order to manifest these behaviours. 

In a spin flop transition, the exchange field is greater than the anisotropy field. 

However, both of these fields are much smaller than an applied laboratory field that 

would be necessary to cause a spin flop to occur (HsF). Since the exchange field is 

greater, an antiferromagnetic alignment is still favoured, albeit not necessarily along the 

magnetization axis. In this way, the spins "flop" to maintain an antiferromagnetic 

alignment perpendicular to the applied field (which is oriented along the preferred 

magnetization axis), as depicted in Figure 1.9. The field required for a spin flop 

transition, thus, depends on both the exchange and anisotropy fields: 

1.16 
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As the field is increased further, the exchange field is eventually overcome and the 

moments align themselves with the applied field at some critical field. This critical field, 

He, can also be expressed in terms of the exchange and anisotropy fields: 

He= 2Hex -Hanis 1.17 

In a single crystal, a "spin flop" is manifested as a discontinuity in the magnetization 

along the critical direction. For powder samples, this effect is highly attenuated by 

powder averaging and is typically observed experimentally as a "bend" or gradual 

increase in a compound's magnetization with increasing field, recorded at a constant 

temperature below Tc (Figure 1.9). The lower the temperature below Tc, the higher the 

applied field required to overcome the anisotropy field. 

The phenomenon of metamagnetism is typically manifested in layered 

compounds. Strong intralayer ferro- or ferri-magnetic interactions, along with weaker 

antiferromagnetic interlayer coupling are necessary compound characteristics, as well as 

a preferred axis of orientation for the moments involved. In this case, the anisotropy field 

is greater than the weak interlayer antiferromagnetic exchange field. Within the layers, 

the moments do not move off of the preferred magnetization axis. Rather, when the field 

required for a metamagnetic transition (HMM) is larger than the weak interlayer exchange 

field, the layers of moments all align parallel along the preferred axis of magnetization, 

which is also where the applied field is oriented. This is illustrated in Figure 1.10. 

Contrary to a spin flop transition, metamagnetism does not result in an intermediate state, 

but rather an applied field causes an antiferromagnetic arrangement of spins to align 

parallel along a preferred axis of magnetization directly. This is observed as a large, 
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sudden increase in magnetization with increasing field (for a single crystal), recorded at 

constant temperature below Tc (Figure 1.10), or a more gradual "S" -shaped curve to the 

magnetization (in the case of a powder). Again, the lower the temperature below Tc, the 

greater the applied field required to induce the metamagnetic transition. The inflection 

point of the "S"-shaped magnetization curve is the value of the metamagnetic field, and 

by measuring magnetization curves for many temperatures below Tc and graphing their 

HMM values, HMM at zero temperature can be extrapolated. 

Both of these phenomena are observed better in single crystal samples, where 

oriented measurements can be made. However, in powder samples, there are enough 

crystallites that have their preferred magnetization axis aligned with the applied field to 

display these behaviours experimentally, although the features may not be as sharp. 
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T(K) H(T) 
Figure 1.9. Spin flop depicted in terms of temperature (T) and field (H) [left]. The arrows 
indicate the magnetic coupling. The x-intercept of the curve is the critical ordering 
temperature (Tc). A spin flop transition observed experimentally [right] as a slight 
curvature in magnetization (M) versus applied field (H) for a given temperature below Tc 
for a powder sample. A paramagnetic signal (red) is shown for comparison. 
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Figure 1.10. Metamagnetism displayed in terms of temperature (T) and field (H) [left]. 
The arrows depict the interlayer magnetic coupling. The y-intercept of the curve is the 
critical field (He) for the metamagnetic transition, and the x-intercept is the critical 
ordering temperature (Tc). A metamagnetic transition observed experimentally [right] as 
a large increase in magnetization (M) with applied field (H) for a given temperature 
below Tc for a powder sample. The inflection point of the "S" -shaped curve is taken as 
He for the transition. 
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Chapter 2 

Experimental Techniques 

This chapter details both the scientific theory and specific instrumentation behind 

each of the experimental techniques utilized by the candidate to characterize the materials 

studied. Topics include structural determination, diffraction theory, both x-ray and 

neutron powder diffraction methodology, including magnetic neutron diffraction, the 

Rietveld refinement method for powder diffraction data, DC SQUID magnetometry and 

heat capacity measurements. Each Chapter that discusses a unique research project also 

has its own experimental section, which describes the exact synthesis and specific 

instrumentation parameters in greater detail. 
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2.1 Structural Determination 

One important aspect towards understanding magnetic interactions in solids is to 

know the crystal structure, which can be determined using diffraction methods. 

X-ray powder and single crystal diffraction are two of the most common 

techniques used for crystal structural elucidation. Common laboratory X-ray sources 

(such as rotating anode or tube) operating at several thousand electron volts have 

wavelengths on the order of angstroms, associated with the elemental material used to 

construct the source (typically, Cu, Fe, Mo, or Co): 

E =he 
x-ray A 2.1 

where h is Planck's constant and c is the speed of light. Synchrotron sources possess 

brighter beams and tunable wavelengths, for higher resolution, however, these 

experiments must be performed at large facilities, with less freely available access. 

Electron diffraction is fairly accessible, however, the electrons interact so strongly 

that multiple diffraction occurs in most samples. This is very problematic for structural 

work, but electron diffraction is excellent for investigating symmetry and single 

microcrystals. 

Neutron diffraction is also an extremely powerful tool for structural 

determination. However, neutrons beams are not as bright as either x-rays or electrons 

and interact rather weakly with matter, meaning that much larger sample sizes (i.e. gram 

quantities) must be used. On the other hand, neutron scattering lengths are not dependent 

on electron density. This means that lighter elements such as Li or 0 that are not well 

located in X-ray experiments are easily found using neutrons. As such, X-ray and 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 27 

neutron diffraction are very good complimentary techniques, as X-ray diffraction maps 

the electron density, whereas neutrons locate the nuclear positions. 1 

2.2 Diffraction Theory 

Diffraction of x-rays, electrons or neutrons from a periodic lattice of atoms is 

explained by Bragg's theory. The incident beam is scattered by crystallographic planes 

of atoms, separated by a distance, d0kV· A sharp peak appears in the scattered radiation if 

the rays from successive layers interfere constructively. For constructive interference, 

the path difference between two rays scattered from two successive planes must be 

2d0k1JsinB. This condition is expressed as Bragg's Law: 

n'A = 2d(hk/JSinB 2.2 

where/.... is the wavelength of the incident beam and Bis the angle of diffraction. Bragg's 

Law applied to a set of lattice planes is illustrated in Figure 2.1. 

However, a more useful construct for visualizing diffraction is the concept of 

reciprocal space. For example, there are 3 vectors (ii, b, c) that define a unit cell of 

atoms in direct space. In reciprocal space, the unit cell would be defined by three new 

vectors (ii*, b *, c*) that are related to their real space counterparts in the following 

manner: 

Exe 
ii*= -

lii•(bxc)I 

b*•b=l 

iixb 
c*----

-lii•(bxc)I 

c*•c=l 

2.3 

2.4 
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·-------- ~-·------\ 
lattice --·-----------·--- . ----~·;....··------ -----·---~<--. planes 

-----~------------·-----~~~-----------~~ 
Figure 2.1. Bragg's Law illustrated for a set of reflections from lattice planes separated 
by a distance, d. 

Figure 2.2. Ewald's Sphere for diffraction. 
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In elastic scattering, there is no energy transfer to the lattice, but there is a finite amount 

of momentum ( Q) that is transferred: 

Q=k-k' 
2.5 

where k and k' are defined as the incident and reflected wavevectors, respectively, that 

are equal in magnitude (2n/A.). The difference between these two wavevectors, however, 

must satisfy a special condition for diffraction. Ewald expressed this condition 

geometrically in reciprocal space by constructing a sphere of radius, k (Figure 2.2). 

Mathematically, Ewald' s condition can be expressed as: 

G=k'-k 2.6 

For Bragg's Law to be satisfied, the difference in wavevectors, Q must be equal to the 

reciprocal lattice vector G which is defined geometrically as shown in the Figure and 

mathematically as: 

- 27r -
G =--= hii *+kb *+le* 

d(hkl) 
2.7 

where h, k and I are Miller indices which describe the vector space, (;. 

This does simplify the observation of diffraction patterns in real space. A typical 

single-crystal X-ray diffraction consists of points in space that satisfy Ewald' s condition. 

For a powder or multi crystalline sample, which consists of many randomly oriented 

crystals, the observed diffraction pattern is a series of Debye-Scherrer cones, each 

defining a reciprocal point, G (Figure 2.3). Normally, only a portion of the Debye cone 

is detected, and therefore, the resulting pattern consists of many lines or peaks. These 
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peaks can then be indexed to a specific lattice plane with d(hklJ (Figure 2.4). Often, due to 

symmetry, there is overlap between numerous Bragg reflections with the same d(hkl)· 

To determine the structure of a compound from its powder diffraction pattern, the 

observed peaks are indexed to a unit cell (with known dimensions and symmetry) and the 

contents of that unit cell are defined using the intensity of the reflections. The intensity 

(l(hklJ) of a Bragg reflection with Miller indices (h kl) is roughly the square of the form 

factor, F (hkl): 

2.8 

where fn(2 8) is the atomic structure factor (discussed below), and Xn, Yn and Zn are the 

atomic positions of each ion (n) with respect to the unit cell. The summation is carried 

out over all N atoms of the unit cell. 

For x-rays, the atomic structure factor defines the number and distribution of 

electrons for each atom n in the unit cell, and falls off rapidly as a function of scattering 

angle (2 8). The integral of fn over one atomic site yields Z, the total number of electrons 

for the given atom. As a result, the intensity of scattered reflections for x-rays is 

approximately- Z2 and thus, x-rays are rather insensitive for determining the atomic 

positions of lighter atoms versus heavier ones. 
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Figure 2.3. Transmission geometry powder diffraction illustrating a Debye cone of 
scattering. 
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Figure 2.4. Powder x-ray diffraction pattern of silicon. Due to the cubic symmetry, there 
is significant overlap of the Bragg reflections. For example, the d2 2 0 peak is comprised 
of reflections from d±2 ±2 o, d±2 o ±2 and do ±2 ±2· 
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In contrast, neutrons scatter mainly from the nucleus of a given atom, rather than 

the electron density. The form factor for neutrons (called the neutron scattering length, b) 

is determined from nuclear interactions, and is much more complex. Figure 2.5 displays 

the neutron and x-ray scattering lengths as a function of atomic number. There are no 

real systematics governing the dependence of the neutron scattering length and the atomic 

number. In fact, the neutron cross-sections are more uniform across the Periodic Table, 

and as a result, neutrons are incredibly useful for determining the atomic positions of 

lower Z atoms such as oxygen. In addition, since nuclei can be considered as point 

scatterers, there is no scattering angle dependence of b. However, other effects such as 

the strong absorption of neutrons by certain isotopes, must be taken into account. 

Absorption is usually a much stronger effect for x-rays in comparison to neutrons, 

however, and all of these factors should be considered when opting for one probe over 

the other. 1 

2.3 X-ray Diffraction 

Conventional laboratory x-rays are produced using the inverse photoelectric 

effect. Electrons, usually produced by thermionic emission from a heated cathode, are 

accelerated in an evacuated tube towards a metal target (i.e. Cu, Mo, Fe, Co). Upon 

striking the surface of the metal, these electrons are immediately decelerated by 

"bremsstrahlung", and most of their kinetic energy is lost as a continuous spectrum of 

background radiation. However, some of these electrons collide with atoms within the 

metal lattice and cause inner shell electron transitions. X-rays, characteristic of the metal 
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Figure 2.5. Neutron and X-ray coherent scattering lengths according to atomic number. 
Note the angular dependence of the X-ray scattering lengths. 
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Figure 2.6. Characteristic X-ray spectra for Mo and Cu radiation. Note the doublets in 
the strong Ka and K/Jpeaks. 
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used, are produce when these atoms settle back to their ground states by rearranging their 

electron configurations. These sharp features (Ka., Kp) appear over a low intensity 

background (due to "bremsstrahlung") in a typical x-ray spectrum as depicted in Figure 

2.6 for Cu and Mo sources. Upon closer examination, the sharp lines are actually 

doublets, caused by the two electrons that occupy each shell. Due to the Pauli Principle, 

these electrons must have opposite signs, and hence, have slightly different energies 

associated with them. The two peaks of the doublet, therefore, are designated as Ka1and 

Ka2, for example. Monochromators, such as single crystal graphite or germanium, can be 

used to obtain a single wavelength beam (Ku1, for example), by using Bragg reflections 

to separate the emission lines. 

As mentioned previously, x-rays are strongly absorbed by most materials, so the 

geometry of the experiment is very important. Typically, reflection geometry is used for 

powders to minimize absorption. In Bragg-Brentano mode, x-rays are reflected from a 

sample to a scintillation counter, where the intensity of the diffracted beam is measured 

as a function of angle. A Guinier-Hagg camera is well suited to collect high resolution 

powder diffraction patterns, using photographic film to record the positions of the Bragg 

peaks (Figure 2. 7). After exposing the film to the scattered x-rays for about an hour, it 

can be developed and, using a line scanner, converted to digital form for further structural 

determination (such as very accurate unit cell parameters). Alternative x-ray detectors 

include charge-coupled devices (CCDs) paired with phosphor screens. 
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Figure 2.7. Geometry of the Guinier-Hagg camera. A divergent incident X-ray beam is 
focussed by the curved monochromator onto the sample, where it diffracts and exposes 
the photographic film that is placed on a circle of common focal points. The large light 
grey circles are the extension of the monochromator and camera. 
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2.4 Neutron Diffraction 

A neutron is a neutral particle, with a mass of about 1.675 x 10-27 kg and an 

associated magnetic moment of 1.891 µN, where µN is the nuclear magneton. As a result, 

it has an associated wavelength (A.), according to the de Broglie equation: 

4=~ 2.9 
mv 

where h equals Planck's constant, m is the mass of the neutron, and v is the neutron's 

velocity. Within a nuclear reactor, there is a cavity that brings the neutrons to thermal 

equilibrium, called the moderator. This results in a Maxwellian distribution of velocities 

for the neutrons, that is peaked at a value that corresponds to the temperature of the 

moderator (Figure 2.8). Consequently, the maximum of the distribution can be shifted by 

altering the temperature of the moderator (i.e. by passing the neutrons through a medium 

of a particular temperature). Thermal neutrons ( T,...., 300 K) show a maximum in the 

distribution at about 2000 mis, corresponding to a wavelength of about 1.978 A, using 

heavy water (D20) as the moderator. Slower neutrons are produced using liquid 

deuterium or hydrogen as a moderator (T ,...., I 0 K, hence a "cold source") whereas faster 

neutrons are obtained from a "hot source" such as heated graphite (T ,...., 2000 K). Since 

the velocity of the neutrons is inversely related to the wavelength, slower, "cold source" 

neutrons have a longer wavelength than conventional thermal sources. This can be 

advantageous for certain experiments, for example, as a longer wavelength can provide 

higher resolution to better separate closely spaced Bragg reflections.2 

Neutrons can be 'produced in two different ways. Reactor source neutrons are 

generated by the fission of 235U in a chain reaction with thermal neutrons. Filters and 
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Figure 2.8. Maxwell distribution of the speed of neutrons produced from different reactor 
sources, using different moderators. 
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collimators (fabricated from neutron absorbing elements such as cadmium or gadolinium) 

are generally used to absorb the smaller amounts of higher order wavelengths and Bragg 

reflection from a single crystal monochromator (such as Si) is used to select a single 

wavelength to conduct experiments. 

The second method involves bombarding a heavy metal target (such as Hg or W) 

with high energy particles, like protons from a particle accelerator. The nuclei in the 

target are activated and neutrons are released upon its nuclear decay. This so-called 

"spallation" process produces a white beam of neutrons with a time structure imposed by 

the pulse repetition rate of the particle accelerator (typically,~ 50 - 60 Hz). "Time of 

flight" is used to separate out the various neutron wavelengths produced in spallation 

sources. Due to the different characteristics of these two neutron sources, the powder 

diffraction patterns obtained differ markedly in terms of background and peak shape. 1
'
2 

In a similar manner to X-rays, neutrons diffract from planes of atoms, but interact 

with the nuclei instead of the electron density. As discussed previously, the scattering 

process can be described by the vector difference (Q) between the incident and scattered 

wavevectors (k and k', respectively): 

Q = k -k'= 4Jrsin0 
A, 

2.10 

When a sample is placed in an incident beam of monochromatic neutrons (of intensity, 

10 ), the neutrons are scattered with probability, a, which is called the cross-section. 

Scattered neutrons are detected for a solid angle, dQ. The differential cross-section, 

da 
( dO. d0. ), therefore, is the probability of scattering a neutron into this region of solid 
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angle, dO.. Figure 2.9 illustrates the scattering geometry for neutron diffraction 

experiments. The total cross-section ( 0(01) is the sum of various contributions: the 

absorption cross-section ( O"abs), the coherent cross-section ( O"coh) and the incoherent cross

section ( Olncoh), which are all different for each element. 

Previously, all of the discussion of neutron scattering has focussed on coherent 

scattering, which results in the well-defined Bragg peaks or spots in a diffraction pattern. 

However, when there is a large nuclear spin component for a given isotope or a wide 

distribution of isotopes for a given element, incoherent neutron scattering occurs. This 

phenomenon has no angular dependence and is reflected as a large diffuse background. 

For example, hydrogen ( 1 H) has a large incoherent cross-section due to its nuclear spin. 

Deuterium (2H) has a much smaller incoherent cross-section, so powder samples are 

typically deuterated to avoid the background problem brought about by incoherent 

scattering. 1
-
3 

The neutron scattering length of an isotope ( b ), then, is related to the total cross

section: 

a= 41rb2 2.11 

The structure factor for neutron diffraction then becomes: 

F(hkl) = I~=I bexp[i2tr(hxn +/gin +lzn)] 2.12 

The typical neutron powder diffractometer is depicted in Figure 2.10, illustrating 

the monochromator, sample stage, collimator and detector. Equipment designers exploit 

the fact that neutrons interact only weakly with matter and have variable scattering 
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Figure 2.9. Geometry of a typical neutron experiment that involves elastic scattering. 
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Figure 2.10. Neutron scattering geometry for a reactor source. MC-1 and MC-2 are two 
monitor counters that are used to normalize the data sets. 
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lengths, depending on the element. Extreme sample environments, such as low 

temperature refrigerators, high temperature furnaces and high pressure devices, can easily 

be used in a typical experiment, as neutrons usually have a long penetration length 

through the materials used to make them. Since vanadium has a scattering length of 

almost zero, it is used to construct the sample "cans", making them virtually invisible to 

the neutron beam. Materials that absorb neutrons very well, such as 3He or B, are used in 

detectors, where the number of neutrons they absorb can be converted into an electrical 

signal. 

2.5 Magnetic Neutron Diffraction 

Since neutrons possess spin and therefore, a magnetic moment, they can also 

interact with magnetic moments due to unpaired electron density within a structure. This 

property is particularly useful for determining magnetic long-range order. However, the 

interaction between neutrons and ions in the paramagnetic state should be considered 

first. 

Recall that in the paramagnetic state, the magnetic moments on the ions are not 

correlated with each other at all, and thus, there is no periodicity of the moments. The 

differential neutron scattering cross-section (dO"pm) therefore, depends on the magnetic 

moment density of the ions, as expressed by Halpern and Johnson: 

( J
2 

2 e2y 2 
dapm =-S(S+l) -

2 
f 

3 me 
2.13 
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where Sis the spin quantum number, m equals the mass of the electron and e equals its 

charge, c equals the speed of light, yis the magnetic moment of the neutron expressed in 

nuclear magnetons and/represents the magnetic form factor. Magnetic form factors for 

neutrons are similar to x-ray form factors, and have been tabulated.3 Since the unpaired 

electrons contributing to the paramagnetism lie in the outer shells of the ions, the 

magnetic form factor diminishes much more rapidly as a function of scattering angle than 

even x-rays. As stated previously, since there is no periodicity associated with the 

paramagnetic state, no Bragg reflections would be observed. However, a broad 

background that decreases rapidly with increasing sinB/A. would be seen at low angles in 

the powder diffraction pattern. 

When the magnetic moments do interact and long-range order is achieved, 

Bragg's condition for diffraction is satisfied and the periodicity of the moments (in other 

words, the magnetic structure) can be elucidated. The differential magnetic scattering 

cross-section now becomes: 

2.14 

where p is the magnetic equivalent to the neutron scattering length, b and is defined as: 

2.15 

and q is the magnetic interaction vector: 

q=&(&•K)-K 2.16 
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Figure 2.11. Geometry of a magnetic neutron experiment. The labelled vectors are 
defined in the text. 
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where & is the scattering vector (which is perpendicular to the reflection plane) and K is 

the magnetic moment vector, illustrated in Figure 2.11. Note that the differential 

magnetic scattering cross-section for an ordered state is proportional to S2, as compared 

to the paramagnetic state where it is dependent on S(S + 1). 

Due to the rapid drop off of the magnetic form factor, magnetic Bragg reflections 

are found at small diffraction angles. Unless the neutron beam is polarized (which is 

typically not the case in a standard experiment), there is no coherence between structural 

and magnetic neutron scattering, and hence, the intensities are additive: 

I Fhkl 1
2 

=I Fnuclear 1
2 

+ I F magnetic 1
2 

2.17 

where the magnetic structure factor is the sum over all atoms in the "magnetic unit cell": 

2.18 

Note that the magnetic structure factor is a vector quantity with each magnetic sub lattice 

contributing to the overall value and thus, there is an orientational dependence of the 

function. Only magnetic moment components within the reflection plane contribute to 

the magnetic structure factor. As a result, the orientation of the magnetic moments as 

well as their magnitude can be found by performing a neutron diffraction experiment 

below the ordering temperature, Tc· 

Since the magnetic moment is a vector, the symmetry of the crystallographic 

lattice alone may not always be sufficient to accurately describe the ordered magnetic 

lattice. F erromagnetism, where the magnetic moment vectors are all aligned in the same 

direction, is compatible with the symmetry imposed by the crystallographic unit cell. As 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 45 

a result, magnetic Bragg reflections will occur in the same positions as structural features, 

and hence, only the intensities of the peaks in the powder pattern will change as a 

function of temperature, as ferromagnetic order is achieved. 

In contrast, an antiferromagnet has magnetic moment vectors that align in 

opposing directions. Two or more interpenetrated sublattices, each describing the 

orientation of one set of magnetic moments aligned in the same direction, must be 

constructed. Consequently, the magnetic unit cell that comprises all of these sub lattices 

may be larger than the crystallographic unit cell and additional Bragg reflections (with 

respect to the structural peaks) could appear in the powder diffraction pattern. These new 

magnetic reflections typically have non-integer Miller indices when indexed on the 

crystallographic unit cell. Another possibility is that the magnetic unit cell would have 

the same unit cell as the crystallographic unit cell, albeit with lower symmetry. This 

would result in Miller indices that were integers, however, they would not appear in the 

structural powder pattern due to symmetry restrictions. However, if the crystallographic 

unit cell is fairly large and oflow symmetry, it is possible that the antiferromagnetic 

magnetic unit cell may have identical cell parameters to the crystallographic unit cell. 

Hence, the lack of additional reflections does not necessarily mean that long-range 

antiferromagnetic ordering is not present. 

Magnetic structures can usually be expressed in terms of the magnetic reciprocal 

lattice translation vector ( k ), with respect to the crystallographic phase. This is a 

translation vector that locates the magnetic reflections in reciprocal space, defined using a 

vector sum: 
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c=G+k 2.19 

where G is the crystallographic lattice translation vector and & is the scattering vector (as 

defined previously). If the magnetic Bragg peaks occur in the same positions as the 

-

crystallographic reflections, then k = 0 . In contrast, an antiferromagnetic magnetic 

structure that has Bragg reflections with non-integer Miller indices (for example, (0 0 

112)) has k = (0 0 1/2). 

2.6 Rietveld Refinement 

Powder diffraction data can be refined using the Rietveld method to produce a 

crystallographic structure of the compound analyzed. Solving the structure is often 

complicated due to severe peak overlap between individual Bragg reflections in the 

powder pattern. However, the Rietveld refinement method involves fitting profile points 

of the entire diffraction data to a model for the structure, rather than individual Bragg 

peaks. The intensity of each profile point (y(20)) is therefore the sum of all the Bragg 

reflections that contribute at that scattering angle. A least squares refinement procedure 

is utilized to minimize the following function: 

2.20 

where Wi is a weighting factor, based on counting statistics (wi = Ilyi(obs)), c is a scale 

factor and yi{ obs) and yi( calc) are the observed and calculated intensities of the lh step, 

respectively. A starting model of the structure is required to determine the initial 

calculated profile points. This structural model is then modified during refinement until 

the best agreement between the observed and calculated patterns is reached. 
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In order to describe the whole diffraction pattern properly, instrumental 

parameters need to be incorporated into the model. Variables that can be refined include 

the zero point, background, peak asymmetry, preferred orientation, instrument resolution 

and peak shape. The instrument resolution function describes the variation of the width 

of the diffraction peaks as a function of angle:4
•
5 

Hlhkl) = Utan2 B+ VtanB+ W 2.21 

where U is defined by the wavelength resolution (/1J.JA.), Vis related to beam divergence 

and mosaic spread of the sample, and Wis associated with the incident beam cross-

section and sample diameter. 

Individual Bragg peaks are usually fairly well described by a Gaussian line shape 

and the total profile is simply a superposition of Gaussians. The intensity is calculated 

for a given position, 2 ei: 

2.22 

where t is the step width of the counter, F (hktJ is the structure factor of the reflection, j (hktJ 

is the multiplicity of the reflection, L(liklJ is the Lorentz factor and 2 B(hklJ is the calculated 

position of the Bragg peak. The Lorentz factor is a geometric factor that accounts for 

how a reciprocal lattice point passes through Ewald's sphere, especially the direction of 

approach. Other line shapes, such as the Lorentzian or Pseudo-Voigt (a convolution of 

Gaussian and Lorentzian shapes), can also be employed. The inherent assumption is that 

contributions from each Bragg reflection will add algebraically to contribute to the 
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overall diffraction pattern. This holds for samples with more than one phase, as well as 

for structural and magnetic peaks. 

The quality of the fit of the calculated model to the observed powder diffraction 

pattern can be gauged by examining the following agreement factors: 

.I,.1 Yt(obs)- Yi(calc) I 
R =~-'~~~~~~-

P _I.ii Y;(obs) I 

(N-P+C) 

.I.i w;[Y;(obs)]
2 

2 
2 Rwp 

o/ =-
A 2 

Rexp 

.I.k 11 k (obs) - I k (calc) I 
RBragg = ~ I h(obs) I 

L...Jk 

2.23 

2.24 

2.25 

2.26 

2.27 

where Rp is the profile R-value, Rwp is the weighted R-value, Rexp is the expected R-value, 

i is the goodness of the fit and Rsragg is the Bragg R-value. In addition to these 

variables, N is the number of data points, P is the number of parameters in the 

refinement, C is the number of constraints and h refers to the intensity of the reflection, 

whereas Yi refers to the intensity of the profile point. 6•
7 
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2.7 DC SQUID Magnetometry 

As discussed previously, the magnetic susceptibility of a sample can provide 

important information about the short-range and long-range magnetic interactions within 

the solid, as well as the nature of any magnetic transitions. It is defined as: 

8M 
x= aH 2.28 

where Mis the magnetization and His the applied field. A DC-SQUID magnetometer is 

a very sensitive instrument that measures the magnetic moment of a sample (µ, in emu), 

which can be easily converted into magnetic susceptibility: 

z=_f!__+H 
mo ls 

2.29 

A plot of magnetic susceptibility versus temperature is very diagnostic of the type 

of magnetic interactions. The temperature can be varied from 2 to 330 K (± 0.5%) in 

incremental steps for a standard experiment. Higher temperature measurements from 310 

to 600 K (± 0.5%) can be made using an additional furnace insert. Sample masses range 

from about 20 to 100 mg, depending on moment size, sample volume and sample 

availability. For low temperature operations, powders are weighed out accurately into 

gelatin capsules, and held in place by plastic straws. For furnace operation, the sample is 

weighed accurately into 1 mm diameter quartz tubes for subsequent measurement. 

Typical susceptibility graphs are shown in Figure 2.12 for a paramagnet, 

antiferromagnet and ferromagnet. In a paramagnet, with a random arrangement of spins, 

the susceptibility and temperature are inversely related, and the graph appears like a 

hyperbola. When the spins are coupled anti-parallel along a preferred magnetization axis, 
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as in an antiferromagnet, a prominent cusp appears with a maximum at the ordering 

temperature, Tc· If the order is short-range, the cusp typically broadens, creating a larger 

feature or a shoulder. For a ferromagnetic arrangement of spins (all coupled parallel 

along a preferred axis), the susceptibility rises sharply at lower temperatures before 

levelling off at a fairly high value, and the inflection point of the curve is usually the 

critical ordering temperature, Tc. 

A conventional magnetic susceptibility experiment consists of two measurements 

- Zero Field Cooled (ZFC) and Field Cooled (FC). In a ZFC experiment, the sample is 

cooled without applying a magnetic field. A small field is applied at the lowest 

temperature of the experiment, and measurements made with the field on as the 

temperature is incrementally increased. In contrast, a FC measurement is made after the 

sample has been cooled in the presence of an applied field (typically, the same magnitude 

as the field applied for measurement). The divergence, if any, between these two 

measurements can indicate a rearrangement of domains in the long-range ordered state. 

Plotting the inverse susceptibility against temperature provides an ideal data 

treatment method for determining the parameters of the Curie-Weiss Law in the 

paramagnetic regime. At high temperatures, the inverse magnetic susceptibility appears 

as a straight line, with a slope that represents the Curie constant (diagnostic of the number 

of unpaired electrons) and an intercept that indicates the Weiss constant (diagnostic of the 

dominant type of magnetic interactions). Figure 2 .13 displays the different inverse 

susceptibility curves obtained for a paramagnet, antiferromagnet, ferromagnet and 

ferrimagnet, respectively. 
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Figure 2.12. Susceptibility (X) versus temperature plot for typical magnetic systems. 

.. ···· .· 

-:.0 
·.;:; 
0.. 
Q) 
U • 
rA 

.·~ 
••• •• C/) 

•• •• Q) .. ·· ~ 
•• • Q) .. ·· ;;.... 

... ··· ~ 

Antiferromagnet 

F errimagnet 

Paramagnet 

Ferromagnet 

Tc Tc or Temperature (K) 

Figure 2.13. Inverse susceptibility versus temperature plots for typical magnetic systems. 
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Another data treatment method involves multiplying the magnetic susceptibility 

value with the temperature and plotting it against the temperature (Figure 2.14). 

Features, such as an antiferromagnetic transition, are typically sharper in this plot. In 

addition, at higher temperatures, the data should approach the expected value of the Curie 

constant for the magnetic system as the paramagnetic state is achieved. The position of 

the low temperature data is important as well. If the data lie above the horizontal line 

indicating the calculated Curie constant for the sample, ferromagnetic interactions are 

dominant, whereas if the data lie below this line, antiferromagnetic behaviour is 

favoured. 

The derivative of xT versus temperature, or the so-called "Fisher heat capacity", 

is also a good method for determining the critical temperature for long-range order 

(Figure 2.15). Fisher proved mathematically that the profile of this derivative 

approximates the experimental heat capacity for the magnetic system. 8 If the shape of the 

anomaly obtained in this plot is lambda-like, long-range magnetic order is expected, with 

a critical temperature at the apex of the anomaly. If the anomaly in the plot is broad or 

symmetric, short-range correlations are typically present. This can be useful for 

determining the nature and temperature of magnetic transitions. 

The SQUID magnetometer can also be used to measure a sample's net 

magnetization as a function of field for a given temperature (Figure 2.16). The 

superconducting magnet can apply an adjustable magnetic field from -5.5 T to +5.5 T. 

Again, the SQUID measures the magnetic moment of the sample, which can be converted 

to magnetization (in Bohr magnetons): 
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Figure 2.15. Fisher heat capacity (derivative ofxTwith respect to T) for an 
antiferromagnet. The lambda-like shape of the anomaly indicates long-range order. 
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M = ____!!___ +5585 µB 2.30 
mo ls 

Typically, a full magnetization curve for a given temperature is measured starting from 

zero field and increasing it incrementally until the highest available field (i.e. +5.0 T). 

The field is then incrementally decreased to the lowest possible field (i.e. -5.0 T) before 

returning to zero field (see Figure 2.16). 

There are some specific points on the magnetization curve that correspond to 

some important properties of the magnetic system. The highest measured magnetization 

for the highest value of the field is known as the saturation magnetization (µsa1), which is 

related to the spin quantum number (S): 

µsat = 2S µB 2.31 

If the field is large enough to overcome any magnetic interactions and force all of the 

individual magnetic moments to align with it, then this is the expected magnetization 

value at that field. When the field is gradually decreased from its highest set value, the 

measured magnetization at 0.0 Tis known as the remanence magnetization. This is the 

magnetization that persists in the system after the field that has forced alignment in a 

certain direction has been removed. Another important feature is the coercivity of the 

magnet, or the field required to reduce the magnetization back to zero after full saturation 

has been reached. The higher the coercivity, the greater the field required to demagnetize 

the magnet. The "hardness" of a magnet, or its ability to retain its magnetization after the 

removal of an aligning field, is a factor of both remanence and coercivity. 

Depending on the type of magnetic interaction, interesting features may arise in 

the magnetization curve. F erromagnets typically saturate in a laboratory field, often with 
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Figure 2.16. A typical magnetization curve for a ferromagnet. 
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large remanence values, depending on the strength of the magnetic coupling. Hysteresis 

between the data measured as the field is increased as compared with when the field is 

decreased is often very large. In contrast, a strongly coupled antiferromagnet rarely 

saturates in a laboratory field, and no hysteresis is typically observed. The interesting 

phenomena of metamagnetism and spin flop transitions have been discussed previously. 

Instrumentation 

The DC-SQUID magnetometer is an extremely sensitive device for measuring the 

magnetic properties of a substance. It uses an inductance method, whereby the magnetic 

magnetization is determined by the current induced in a small wire loop that the sample 

passes through. From this small current, an output voltage is actually measured, and the 

magnetic moment of the sample can be calculated. 

The sample translation system in the Quantum Design SQUID magnetometer 

consists of three inductance coils. Before measuring, the sample is centred in the coils 

within the specified scan length (typically 4 cm). The main pick up coil is in the centre, 

with two smaller coils above and below with half as many windings in the opposing 

direction to the main coil (Figure 2.17). The recorded voltage signal appears as an 

inverted parabola (Figure 2.17). Each magnetic measurement at a given temperature 

consists of 3 independent scans over the sample length, with each scan consisting of 

about 25 data points. These points are fitted to a function that describes the expected 

voltage signal from the coil geometry. 

There are two different modes for collecting magnetic data: ( 1) the DC or Direct 

Current and (2) the RSO or Reciprocating Sample Option. In the DC mode, the sample is 
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l 

Voltage (V) 

Figure 2.17. Sample translation inside the pick-up coils of a SQUID magnetometer (left) 
and the voltage signal that is produced (right). The two diagrams are on a common 
length scale for direct comparison. 
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slowly passed through the three coils multiple times, resulting in an average signal with 

relatively small error bars. This is the traditional sample translation methodology. For 

the RSO mode, the sample is quickly oscillated through the detection coils. In theory, 

this results in faster data acquisition times (which reduces the overall experiment time 

and any non-linear drift in the applied field) and greater sensitivity (usually by one or two 

orders of magnitude), with a substantial reduction in noise. Due to these many 

advantages, RSO mode is typically utilized in most SQUID measurements. 

How exactly the SQUID converts the incredibly small current induced by the 

sample magnetic moments in the pick-up coils into a measurable voltage is a complex 

matter of physics. In the early 1960' s, Josephson discovered that large electric currents 

could be produced from relatively small changes in the magnetic field, by sandwiching a 

small insulating layer between two superconductors. The quantum mechanical 

wavefunctions that describe the Cooper pair responsible for the superconductivity 

"bleed" into the forbidden insulating layer from either side. For a thin enough insulating 

layer, the two wavefunctions can overlap and the Cooper pairs can effectively "tunnel" 

between the two superconductors without breaking apart. If a DC current is applied 

across the junction, the AC Josephson effect causes oscillations in the current in the radio 

frequency range. 

The Quantum Design SQUID magnetometer is equipped with an RF SQUID 

device, which consists of a single Josephson junction within a superconducting loop. 

This RF SQUID is then coupled to a parallel resonant LC circuit (i.e. an inductor 

connected across a capacitor), as in Figure 2.18. Application of a DC current through the 
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Figure 2.18. Diagram of a RF SQUID, detailing the Josephson Junction (top) and the LC 
circuit (bottom). 
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SQUID results in Cooper pairs tunnelling across the junction in an oscillating manner, 

according to the AC Josephson effect. However, ifthere is a magnetic field present 

within the superconducting loop, the Meissner effect will produce currents that oppose 

changes in the magnetic flux by quantized amounts of hc/2e = 2 x io-7 Oe/cm2
, and the 

flow of Cooper pairs will be changed accordingly. The net result of these two competing 

currents is that the phase of the wavefunction of the Cooper pairs is modified, which, in 

tum, changes the AC voltage induced in the loop. The resonant LC circuit parallel to this 

loop picks up these AC voltage changes and sends this signal to a lock-in amplifier, 

which further enhances it. It is this measured AC voltage change that is fitted to a 

function and converted into a measured magnetic moment.9
-
12 

2.8 Heat Capacity Measurements 

The heat capacity (C) of a system at constant volume (typical for a solid) is: 

C =Lim _g__ 
!lT---?OllT 

where Q represents the heat and '1.T is the difference in temperature. At low 

temperatures, ideally all substances should obey the empirical heat capacity law: 

C = yT + {JI' 3 

2.32 

2.33 

where yrepresents the electronic contribution to the specific heat and fl is the phonon 

component. The electronic part is related to the density of states of the conduction 

electrons in the material, which should be relatively small in the case of a magnetic 

insulator. The crystal lattice also contributes to the overall heat capacity of a compound, 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 61 

typically in the T 3 term. At low temperatures, the specific heat of a solid should have a 

linear dependence, which becomes quickly dominated by the cubic component as the 

temperature increases. However, this simple law is only valid in the low temperature 

regime, where a detailed knowledge of the phonon modes is not required. 

The heat capacity of a magnetic system can provide some important information, 

particularly about the nature of a magnetic phase transition. A transition to long-range 

magnetic order appears as a lambda-like anomaly, which is a sharp, asymmetric feature. 

In contrast, a broad feature is typically indicative of short-range interactions. However, 

the area under the feature is related to the entropy removed from the system due to the 

magnetic transition: 

2.34 

where Mis the change in magnetic entropy of the system. According to Boltzmann, the 

entropy is related to the number of states: M = R In W where Wis the state degeneracy. 

For a magnetic system of spins (S), this is: 

thl = Rln(2S + 1) 2.35 

If there is substantial short-range order present, the calculated entropy loss associated 

with the lambda anomaly could be much lower than expected, as much of the magnetic 

entropy would already have been removed. An ideal lattice match compound is essential 

to account for the lattice contribution, so that only the magnetic entropy can be 

isolated. 13
'
14 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 62 

Instrumentation 

The Oxford MagLab EXA measures the heat capacity of a sample using the 

relaxation method. The sample, typically a powder pressed into a pellet and sintered at 

high temperature to ensure good thermal contact between grains, is placed on an isolated 

sample platform that is connected to a thermal bath by only very weak thermal links. A 

heat pulse can be defined as: 

Q=Uxlxt=Pxt 
2.36 

where Q is the heat, U is the applied voltage, I is the current, t is the heating time and P is 

the power. This pulse is applied to the sample with a magnitude dependent on the final 

temperature of the system. The final temperature (T0 ) is related to the initial temperature 

of the sample (Ti) by an exponential: 

2.37 

where r is the relaxation time constant, determined by the heat capacity ( C) and the 

thermal resistance (Rm) between the sample and the surroundings: 

T= RTH c 2.38 

with R rH defined as: 

R 
_fl.To TH __ _ 

AfJ 
2.39 

By knowing the temperature of the chip accurately before and after the pulse, as well as 

the applied power, and measuring the relaxation time, accurate determination of the 

sample's heat capacity can be made. 
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The Oxford Instruments Heat Capacity Probe insulates the sample from the 

surroundings quite well, and is evacuated to very low pressure (""' 10-5 torr) to ensure 

adequate thermally isolated conditions. Measurements can be made reliably from about 2 

to 100 K. The probe itself is pictured in Figure 2.19. A small, thin sample 

(approximately 2 mm x 2 mm x < 1 mm thick) is affixed to a sapphire chip using a small 

amount of Apiezon grease. The chip is connected to the probe by 8 very thin (20 µm) 

gold plated tungsten wires. A Cemox temperature sensor is also connected to the chip by 

50 µm gold leads to carefully monitor the chip temperature. Very small heat pulses 

applied through the smaller wires results in large temperature changes due to the 

weakness of the thermal link. The contribution of the sapphire chip, gold leads and 

Apiezon grease to the measured heat capacity are calibrated and accounted for by the 

instrument software. 15 
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Figure 2.19. Sample mount for the Oxford Instruments Heat Capacity probe. 
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Chapter 3 

Investigations of the Magnetic Properties and Structures of the Pillared 

Perovskites, La5ReJAf016 (M = Co, Ni) 

This chapter encompasses the manuscript "Investigations of the Magnetic 

Properties and Structures of the Pillared Perovskites, LasRe3M016 (M = Co, Ni)", 

published in the Journal of Solid State Chemistry (J. Solid State Chem. 2006, 179, 1938-

194 7). The candidate completed all of the experimental synthesis and measurements, as 

well as data processing and interpretation. In addition, the candidate prepared the 

manuscript and submitted it to the journal as corresponding author. 

Reproduced with permission from Cuthbert, H.L.; Greedan, J.E.; Cranswick, L. J. Solid 

State Chem. 2006, 179, 193 8-194 7. Copyright 2006 Elsevier. 
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Investigations of the Magnetic Properties and Structures of the Pillared 

Perovskites, La~ReJAf016 (M = Co, Nil 
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3.1 Abstract 

LasRe3Co016 and LasRe3NiOr6 were synthesized by solid state reaction and 

studied by SQUID magnetometry, heat capacity and powder neutron diffraction 

measurements. These two compounds belong to a series of isostructural Re-based 

pillared perovskites (J. Solid State Chem. 2003, 170, 165-175.). Magnetic susceptibility 

measurements indicate apparent short range ferri or ferromagnetic correlations and 

possible long-range antiferromagnetic order for LasRe3Co016 at 35 Kand at 38 Kand 14 

K for La5Re3NiOr6· Heat capacity measurements of the Co compound show a lambda 

anomaly, typical of long-range magnetic order, at 32 K. In contrast, the Ni compound 

displays a broader, more symmetric feature at 12 Kin the heat capacity data, indicative of 

short-range magnetic order. Low temperature powder neutron diffraction revealed 

contrasting magnetic structures. While both show an ordering wave vector, k = (0 0 1/2), 

in La5Re3Co016, the Co2
+ and Re5

+ moments are ordered ferrimagnetically within the 

comer-shared octahedral layers, while the layers themselves are coupled 
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antiferromagnetically along the c-axis, as also found in LasRe3Mn016 and LasRe3Fe016· 

In the case of the Ni material, the Re5+ and Ni2+ moments in the perovskite layers couple 

ferromagnetically and are canted 30° away from the c-axis, angled 45° in the ab-plane. 

The layers then couple antiferromagnetically at low temperature, a unique magnetic 

structure for this series. The properties of the La5Re3M016 series, with M= Mn, Fe, Co, 

Ni and Mg are also reviewed. 

3.2 Introduction 

In recent years, a new family of "pillared perovskite" compounds has been 

discovered and investigated. This structure type has been found for oxides of 

molybdenum, LasMo4-x-U016 (x = 0 andx~ 0.7 for M= Mn, Fe, Co, Mg)1
-
3, rhenium, 

LasRe3M016 (M= Mn, Fe, Co, Ni, Mg)4-6 and osmium, La50s3Mn016 7• The unit cell is 

pictured in Figure 3.1. It consists ofperovskite-like layers of comer-shared MM'06 

octahedra, in which the Mand M'ions are site ordered, avoiding like ion nearest 

neighbours. These layers are "pillared" by dimeric units of two edge-shared M06 

octahedra. The La3
+ ions occupy interstitial sites. 

Magnetically, the pillared perovskites have displayed some interesting properties, 

as a result of their structure. The dimeric 'pillars' involve metal-metal bonding between 

the 4d or 5d transition metals and the units are diamagnetic. Within the layers, due to site 

ordering of the Mand M' ions, both transition metals exhibit local moment behaviour 

with nearly spin only values. Although the layers are separated by ~ I 0 A, long range 

magnetic order exists in these compounds. For the La5Re3M016 series, the critical 
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temperature (Tc) varies from 161 Kin the Mn compound to 33 Kin the Co compound.5
•
6 

Detailed magnetic property studies on two members of the Re series (M= Mn and Fe) 

indicate that the magnetic structure consists of ferrimagnetically coupled layers that are 

coupled antiferromagnetically in three dimensions. 5' 
6 This current work examines the 

magnetic properties of two remaining Re family members, La5Re3Co016 and 

LasRe3Ni016, in greater detail. 

3.3 Experimental 

Synthesis 

The title compounds, La5Re3M016 (M =Co, Ni), were synthesized by solid state 

reaction, as outlined previously. 6 

3.1 

Stoichiometric amounts of the starting reagents, La203 (99.9%, Aldrich, calcined at 

900°C overnight before use), Re03 (Rhenium Alloys), Re (Rhenium Alloys) and MO (M 

= CoO, 99.99%, Aldrich; M= NiO, 99.995%, CERAC) were accurately weighed, ground 

together, pressed into a pellet and placed into a platinum crucible, which was sealed in a 

quartz tube under vacuum(,...., 10-5 torr). The reaction was heated to 1050°C in a tube 

furnace and held for 48 hours. The products obtained were black powders. The non

magnetic lattice match compound for heat capacity, La5Re2TaMg016, was made in a 

similar manner, using stoichiometric amounts ofTa20 5 (99.99%, CERAC) and MgO 

(99.95%, Alfa Aesar) as well. 
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X-ray and Neutron Diffraction 

X-ray diffraction data were collected using a Guinier-Hagg camera with CuKa1 

radiation (A. = 1.5406 A) and high-purity silicon powder as an internal reference. In 

addition, x-ray diffraction data suitable for Rietveld refinement was obtained from a 

Bruker D8 diffractometer using CuKa radiation from 10° to 80° in the 2 B range. A step 

size of 0.025° and a step time of 12 s were employed. 

Variable temperature powder neutron diffraction measurements were performed 

on the C2 diffractometer operated by the Canadian Neutron Beam Centre at NRC Chalk 

River Laboratories. The crystal structure data (285 K) were collected at a wavelength of 

1.32917 A in the angular range of 12° 5 285 113° with 0.1° steps. Similarly, the 

magnetic structure data (variable temperatures from 4 K) were measured at a longer 

wavelength of2.36957 A in the range 5° 5 2B~ 85° with 0.1° intervals. 

Magnetic Data 

Magnetic measurements were collected using a Quantum Design MPMS SQUID 

magnetometer. Zero field cooled and field cooled (ZFC/FC) magnetic susceptibility data 

from 2-300 Kand isothermal magnetization measurements from 0-5 T were recorded on 

samples incased in gelatin capsules. 
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b) 

c) 

Figure 3.1. Crystal structure of La5Re3M01 6. a) A view of the unit cell: Re06 octahedra in 
blue, M06 octahedra in pink, Re20 10 dimer units in dark blue and La ions in green. b) A 
perovskite-like layer of comer sharing Re06 (blue) and M06 (pink) octahedra. Notice the 
large octahedral tilt angles away from the ideal 180°. c) A Re201o "pillar" of two edge 
shared Re06 octahedra: Re atoms in dark blue and 0 atoms in red. 
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Heat Capacity 

Heat capacity data were measured using the heat capacity probe in an Oxford 

MagLab at McMaster University. Thin sample blocks of approximately 10 mg were 

prepared by repressing and resintering a portion of the previously synthesized product. 

Sample structure integrity was verified by powder X-ray diffraction (Guinier). The 

sample block was mounted onto a sapphire measurement chip with Apiezon grease. 

Contributions to the measured heat capacity by the grease and sample chip were 

accounted for. 

3.4 Results and Discussion 

Structural Characterization 

The structures of both title compounds were verified by their Guinier powder 

patterns, which matched well with the patterns obtained for the same compositions 

synthesized previously. 6 Further structure characterization was accomplished through 

Rietveld refinement of room temperature powder X-ray (La5Re3Ni01 6) and neutron 

(La5Re3Co016) diffraction data using WINPLOTR in the FULLPROF program.8 The unit 

cell constants and agreement indices are displayed in Table 3 .1, with the previously 

published values in square parentheses. From these results, it is clear that the synthesized 

compounds are LasRe3Co016 and La5Re3Ni016· This structure type is illustrated in 

Figure 3.1 and has been discussed previously. The short Re-Re distance found in the 

dimer (2.380(8) A for Co and 2.419(6) A for Ni) is indicative of a Re - Re double bond, 

which would pair the Re5
+ electrons and quench the magnetic moment within the pillars. 
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The only magnetic ions in these compounds are Re5
+ (S = 1) and M2

+ (Co, S = 3/2; Ni, S 

= 1) within the perovskite layers. 

Table 3.1. Unit Cell Parameters and Agreement Factors for the Structural Refinement of 
Diffraction Data for La5Re3Co016 and La5Re3Ni0t6· Literature values are shown in 
square parentheses. 

Compound 

Data source 

Space group 

Cell parameters 

Neutron 

C-1 

a= 7.9621(8) A [7.9694(7) AJ 
b = 7.9957(8) A [8.0071(8) AJ 
c = 10.172(1) A [10.182(1) AJ 
a= 90.248(5)0 [90.248( 4)0

] 

P= 94.975(4)0 [94.980(4)0
] 

r= 89.977(8)0 [89.983(6)0
] 

Rp = 0.0282 
Rwp = 0.0380 

Agreement factors 2 x =2.02 
Rs= 0.0543 

Magnetic Measurements 

X-ray 

C-1 

a= 7.9280(4) A [7.9383(4) AJ 
b = 7.9888(4) A [7.9983(5) AJ 
c = 10.1585(5) A [10.1732(6) AJ 
a= 90.274(2)° [90.287(3)0

] 

P= 94.876(2)0 [94.864(3)0
] 

r= 89.967(3)0 [89.968(4)0
] 

Rp = 0.128 
Rwp = 0.168 
x2 = i.22 
Rs= 0.0708 

Zero field cooled and field cooled (ZFC/FC) magnetic susceptibility 

measurements from 5-300 Kat a field of 0.05 T and from 2-200 Kat fields of 2.0 T and 

5.0 T respectively are shown in Figure 3.2. Data acquired at the lowest applied field 

(0.05 T) show a large cusp at 35 Kand two smaller, broader shoulders centred at 75 and 

100 K respectively. The sharp feature is attributed to long-range antiferromagnetic order 

(with an ordering temperature, Tc of 35 K), while the features at higher temperatures are 

indicative of short-range magnetic correlations. The ZFC and FC data begin to diverge at 

approximately 140 K. This result is comparable to the ZFC-FC susceptibility (X) data 
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measured previously.6 However, the small feature at 100 K did not appear in the earlier 

measurements. A plot of xT versus temperature, shown in Figure 3.3, shows this feature 

more prominently. The horizontal line in the plot represents the calculated spin only 

Curie constant for the combination of Re5
+ (S = l; Cso = 1.00 emu·K/mol) and Co2

+ (S = 

3/2; Cso = 1.87 emu·K/mol) ions. At higher temperatures ( -- 300 K), xT approaches this 

value, which is as expected if the compound obeys the Curie-Weiss law in that 

temperature regime. The new, broad peak at 100 K may represent very short range 

intraplanar magnetic order, perhaps in the form of one dimensional chains. The sharper 

cusp at 35 K is even more pronounced, which is indicative of short range ferro- or 

ferrimagnetic correlations. 

When the field is increased to 2.0 T, the ZFC-FC divergence moves to a lower 

temperature (20 K), the sharp cusp at 35 K broadens significantly in the ZFC data, and 

the weaker features are lost. Finally, at 5.0 T, the ZFC-FC divergence is negligible and 

all the features are gone. The 5.0 T curve suggests ferrimagnetic behaviour, with a 

saturation moment of about 1.3(1) µB. This is slightly larger than the expected spin-only 

saturation moment (1.0 µ8 ) for ferrimagnetically coupled Co2
+ (S = 3/2) and Re5

+ (S = 1) 

moments. The magnetic moment of Co2
+ ions often exceed the spin only value and the 

Re5
+ moment is expected to be smaller, due to orbital contributions. However, this 

experimental moment is well below that calculated for ferromagnetically coupled Co2
+ (S 

= 3/2) and Re5
+ (S= 1) moments within the layers (5.0 µ8 ). 
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Figure 3 .2. ZFC (darker shade) and FC (lighter shade) magnetic susceptibility 
measurements ofLasRe3Co016 with applied fields of a) 0.05 T (red) and b) 2.0 T (green) 
and 5.0 T (blue). 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 76 

From the crystal structure of LasRe3Co016, there are two different types of magnetic 

interaction- intraplanar and interplanar. Intraplanar magnetic coupling would involve 

Re-0-Co superexchange pathways within the perovskite layer, and would be relatively 

strong because of geometry (comparatively short distances and angles of approximately 

155°). However, interplanar coupling would require magnetic superexchange through the 

diamagnetic Re201o dimer and over much greater a distance (approximately 10 A). This 

type of interaction would be expected to be much weaker, and could be overcome with 

the modest magnetic field applied here, such as 5.0 T. 

Isothermal magnetization data at temperatures of 2, 32, 40, 55, 80 and 200 K were 

collected on LasRe3Co016 for fields between 0 and 5.0 T and are shown in Figure 3.4. At 

2 K, the magnetization increases sharply at an applied field of 6500 Oe, and curves 

gradually to approach a saturation moment of 1.3 µa at 5.0 T. Again, this value matches 

the saturation moment obtained from the 5.0 T ZFC/FC susceptibility data and is 

indicative of ferrimagnetically coupled moments through out the structure. There is very 

strong hysteresis present at 2 K, and a rather large remanent magnetization of 0.63 µ8 . 

The sharp increase at low field is interpreted as the onset of a transition analogous to 

metamagnetism, in which the weak antiferromagnetic interlayer coupling is reversed by 

the applied field. A slight hysteresis persists in this compound up to 40 K. The 32 K 

data show a more gradual upturn at 3000 Oe, and then begin to level off. The 40 K data 

also curve gradually upwards, however at 55, 80 and 200 K, the signal is linear. At these 

higher temperatures, the data are consistent with paramagnetism. All of these responses 

corroborate the hypothesis that Tc for this compound is 35 K. 
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Heat capacity data collected from I 0 to 50 K on La5Re3Co016 in the absence of a 

magnetic field and with a 7 T field applied, as well as the heat capacity measured for the 

non-magnetic lattice match compound, La5Re2TaMg016 are pictured in Figure 3.5. From 

Figure 3.6, subtraction of the lattice component discloses a lambda-like anomaly, albeit 

somewhat broad, with a peak at 32 K. This signals the onset of relatively long-range 

magnetic order. The inset graph in Figure 3.3 shows the so-called Fisher heat capacity 

for La5Re3Co0t6· There is one clear peak, whose maximum is at about 32 Kand whose 

shape is quite asymmetric and lambda-like. Both of these features indicate good 

agreement between the heat capacity and SQUID magnetometry measurements. 

Application of a 7 T field significantly decreases the height of the heat capacity anomaly 

of La5Re3Co016 and broadens it, indicating that the transition to long-range magnetic 

order is field dependent. As noted previously from the SQUID magnetometry data, the 

interplanar magnetic coupling is relatively weak, and can be overcome by modest 

magnetic fields. 

Integration of the area under the curve for the zero applied field measurements 

results in an estimation of the change in entropy associated with this magnetic transition, 

3.2 

yielding ~S = 3.56 J/K·mol. This value is only 17 % of the 20.66 J/K·mol expected for 

Re5
+ (S = 1) and Co2

+ (S = 3/2) moments and indicates that most of the magnetic entropy 

is lost in the intraplanar short range order. 
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Variable temperature powder neutron diffraction measurements were also 

performed on La5Re3Co016 to elucidate its magnetic structure. Figure 3.7 shows low 

angle neutron diffraction data of this compound at selected temperatures, to highlight the 

development of the new magnetic Bragg reflections. At 5 K, the two high intensity peaks 

(at 28= 24.7° and 25.5°) can be indexed to a magnetic unit cell with ordering vector, k = 

(0 0 112) (i.e. amag =a, bmag = b, Cmag = 2c, where a,b,c are the axes of the structural unit 

cell). This magnetic unit cell is the same as LasRe3Mn0165 and LasRe3Fe0166. For these 

materials, the magnetic structure consists of ferrimagnetically coupled perovskite layers, 

coupled antiferromagnetically along the c-axis, which is depicted in Figure 3.8. 

Using the same model, attempts were made to refine the magnetic structure of 

La5Re3Co016• However, due to a high degree of correlation between the Re5
+ (S = 1) and 

Co2
+ (S = 3/2) moments, their values could not be refined independently. The best fit, as 

seen in the difference plot and Rmag values, was obtained when the moments were fixed 

parallel to the c-axis at 1.5 µ8 and 2.5 µ8 for the Re and Co, respectively as shown in 

Figure 3.9. The magnitudes of these moments are not unreasonable, and are close to the 

spin only values for these ions. A plot of the relative intensity of the (1 -1 1/2)/(l 1 112) 

magnetic peak as a function of temperature is displayed in Figure 3 .10. The critical 

temperature of 35 K suggested by neutron diffraction is consistent with both the SQUID 

magnetometry and heat capacity results. Note also that the magnetic reflections appear to 

be resolution limited (they are not obviously broader than the chemical structure 

reflections) indicating that the correlation length for magnetic order is at least 100 A or 

more. 
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b. La5ResNi016 

Zero field cooled (ZFC) and field cooled (FC) magnetic susceptibility 

measurements at fields of 0.05 T, 2.0 T and 5.0 Tare plotted in Figure 3.11. The data 

collected at the lowest field ranges from 5-300 K, whereas the 2.0 T and 5.0 T data sets 

were collected from 2-200 K. At 0.05 T, the ZFC and FC curves begin to diverge at 

approximately 40 K. There are two prominent cusps below this temperature, centred at 

38 Kand 14 K, respectively, which are indicative of magnetic ordering. As the peak at 

38 K is suppressed in the field cooled data, the cusp at 14 K is attributed to the onset of 

relatively long-range antiferromagnetic order. This is in contrast to the previously 

reported Tc of36 K for La5Re3Ni016.
6 A plot of xT versus Tis shown in Figure 3.12 with 

the Fisher heat capacity included in the inset. Similar to the case with the Co phase, a 

sharp upturn is seen below 50 K with a maximum at 36 Kand a clear inflection point at 

14 K. However, the broad maxima above 50 K seen in the Co data are absent. These 

observations are consistent with short range ferro- or ferromagnetic order. Here again the 

horizontal line on the graph is the sum of the calculated spin only Curie constants for 

Re5
+ (S = 1; Cso = 1.00 emu·K/mol) and Ni2

+ (S = 1; Cso = 1.00 emu·K/mol). For 

La5Re3Ni016, even at 300 K, the value of xT does not reach this line. 

When the field is increased to 2.0 T, the divergence between the two curves 

moves to lower temperature (7 K), and the peak associated with long-range order 

broadens and moves to lower temperature (6 K) as well. By 5.0 T, there is no longer a 

divergence between the ZFC and FC curves and the signal suggests ferro- or 

ferrimagnetic ordering of the moments in the perovskite layers. Again, as with the Co 
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analogue, it appears that the interplanar coupling is relatively weak and can be overcome 

with laboratory magnetic fields. However, the supposed "saturation moment" obtained 

from the 5.0 T data is about 0.9(1) µ8 , which is much lower than the value calculated for 

ferromagnetically coupled Re5
+ (S = 1) and Ni2

+ (S = 1) layers ( 4.0 µ8 ), but of course, 

much larger than the ~ 0 µ8 expected for ferrimagnetic coupling. This suggests that 

LasRe3Ni016 has not reached saturation at this field. This compound may have unique 

magnetic properties, such as a much higher anisotropy field than seen in the other 

isostructural pillared perovskites. 

Magnetization curves were collected from 0-5.0 Tat temperatures of 2 K, 12 K, 

30 K, 42 Kand 100 Kand are pictured in Figure 3.13. The 2 K data show a large 

hysteresis (which persists up to 30 K) but virtually no remnant magnetization. Unlike the 

Co compound, there are no sharp increases in the magnetization, but rather a smooth S

shaped curve, with an inflection point at about 1.5 T. This may be indicative of a 

metamagnetic transition as in the Co phase, albeit with a much higher critical field. Also, 

the curve does not reach saturation at 5.0 T. The 12 K magnetization curve maintains the 

S -shape, however by 30 K, the data are linear, indicating paramagnetism, and 

corroborating the assignment of Tc as 14 K. 
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Heat capacity measurements on LasRe3Ni016 were also collected from about 5-50 

K, with no field applied and in a 7.0 T field. The two data sets, along with the heat 

capacity of the lattice match compound, LasRe2TaMg016 are shown in Figure 3.14. After 

subtraction of the lattice component, the heat capacity ofLa5Re3Ni016 pictured in Figure 

3.15 shows one small anomaly present with a maximum near 12 K. The shape of the 12K 

feature is not lambda-like, but relatively symmetric, suggesting that the magnetic 

ordering present in this compound has a finite correlation length. Due to instrument 

restrictions, it was not possible to collect heat capacity data below 5 K, which may have 

clarified the peak shape. The unusual peak shape notwithstanding, smooth transient data 

collected on this compound demonstrates that it has good overall thermal contact, despite 

not being a single crystal or a dense pellet. Heat capacity data were also collected on a 

mixture of LasRe3Ni016 and metallic silver powder (25 % by weight) in an effort to 

improve the thermal contact. The shape and position of the anomaly remained 

unchanged. However, the temperature of the peak centre agrees well with the estimate of 

Tc for this compound from the magnetic susceptibility and magnetization data. The 

Fisher heat capacity of La5Re3Ni0 16 is displayed in Figure 3.12 (inset) showing two 

peaks at about 12 and 36 K. Interestingly, the peak at 12 K is again relatively symmetric 

in shape, although data were not collected below 5 K. There are no other features in the 

thermally derived heat capacity ofLa5Re3Ni016 at higher temperatures (for example, at 

38 K), indicating the assignment of Tc as 14 K is correct. This contrasts with the 

assignment of Tc as 36 K for this compound reported previously.6 
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Application of a 7.0 T field appears to decrease the height of the anomaly, 

broaden it significantly and shift the peak maximum. The strong field dependence of this 

feature suggests that the transition to long-range magnetic order involves a relatively 

weak coupling (i.e. interlayer). Integration of Cm0 /Twith respect to temperature leads to 

a change of entropy of3.68 J/K:mol for La5Re3Ni016· This is comparable to the value 

obtained for La5Re3Co0 16. The calculated entropy for this compound, with Re5
+ 

moments (S = 1) and Ni2
+ moments (S = 1) is 18.27 J/Kmol, which is considerably 

higher than the experimental value. Again, as with the Co compound, most of the 

entropy is removed due to short range intraplanar correlations prior to the onset of 

relatively long-range three dimensional magnetic order. 

Low temperature powder neutron diffraction measurements were taken to 

determine the magnetic structure of La5Re3Ni016, and the diffraction data at 4 Kand 50 

Kare plotted in Figure 3.16. Unlike the Co compound, there is only one very weak, new 

magnetic Bragg peak at very low angle (6.5° 28). This reflection can also be indexed to a 

magnetic unit cell with ordering vector, k = (0 0 1/2). However, the peak index is (0 0 

1/2), which indicates that the moments within the layer are not oriented parallel to the c

axis, unlike most of the other members of the pillared perovskite family studied to date. 

An exception is LasRe3Mn016' where the Mn moments are canted,...., 18° with respect to 

the c-axis. 5 In addition, no magnetic reflections of indices (k h 1/2) and (h k 31/2), 

ubiquitous at higher angles in the magnetic neutron diffraction patterns of the other 

phases, are present in the Ni data. These reflections are diagnostic of intraplanar 

ferrimagnetic correlations. 
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Attempts to refine the magnetic neutron diffraction data were hampered due to 

background problems, the paucity of data and the same high level of correlation between 

the Re and Ni moments as encountered for the Co compound. However, a plausible 

magnetic structure model, guided by simulations, was found and is pictured in Figure 

3.17. In all models tested, the intralayer coupling was ferromagnetic and the interlayer 

coupling was antiferromagnetic along the c direction and with the moments inclined 

away from the c-axis, as dictated by the details of the diffraction pattern. Due to the 

aforementioned correlation problem, the moments of the two magnetic ions, Re5+ (S = 1) 

and Ni2+ (S = 1 ), were fixed at 1.5 µ8 and 1.8 µs, respectively, which are close to the spin 

only moments for each ion. Then, the projection angles of the net moment with respect to 

the crystallographic axes were varied. The best fit, determined by monitoring Rmag, was 

obtained when the net moment was canted 30(3)0 away from the c-axis with a projection 

of 45(5)0 in the ab plane. Not surprisingly, results were less sensitive to the ab plane 

angle. Of course, given the constraints, this is not a unique solution. Information from 

single crystal magnetization studies would be needed to fix the canting angles and the net 

moment values. 
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3.5 Summary and Conclusions 

Detailed magnetic property studies on two isostructural pillared perovskites, 

LasRe3Co016 and LasRe3Ni016, has revealed some unique and unexpected results. As 

with the other members of this family, both compounds show evidence of three 

dimensional magnetic order from SQUID magnetometry, powder neutron diffraction and 

heat capacity measurements, despite an interplanar separation of over 10 A. From these 

studies it is now possible to assign a Tc of 14 K for the La5Re3Ni016 compound and Tc,..., 

35 K for the Co phase. In addition, the appearance of the heat capacity peaks differs 

between the two compounds. LasRe3Co016 shows a more typical, asymmetric lambda 

shape (albeit somewhat broadened), while the peak shape for the Ni material is very 

broad and more symmetric. This suggests that the length scale for interplanar three 

dimensional order in the Ni phase is shorter than for the Co compound. 

Both the magnetic susceptibility and the heat capacity are strongly affected by the 

application of relatively modest magnetic fields. Isothermal magnetization data indicate 

the presence of metamagnetic-like transitions at -- 0.65 T for La5Re3Co016 and,..., 1.5 T 

for La5Re3Ni01 6. As well, the magnetic anisotropy appears to be much stronger in the Ni 

phase as evidenced by a lack of saturation even in fields up to 5 .0 T. The onset of 

metamagnetism at such low applied fields is taken as evidence for relatively weak 

· interplanar exchange coupling. 

Powder neutron diffraction measurements showed that the Co series member has 

a magnetic structure similar to La5Re3Mn016 and La5Re3Fe016.5 The Re5
+ and Jvf+ 
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moments within the layers are coupled ferrimagnetically, and the layers are coupled 

antiferromagnetically. 

In contrast, the magnetic structure ofLasRe3Ni016 is unique among the pillared 

perovskites. Within the layers, the two moments are ordered ferromagnetically, angled 

45° in the ab plane and canted 30° away from the c-axis. The layers are then coupled 

antiferromagneticall y. 

At this stage it is useful to review the known magnetic properties of the 

LasRe3M016 series. In Table 3.2, a slightly revised version of a table of collected 

magnetic data (Table 7 from Chi et. a!. 6
) is presented. 

Table 3.2. Magnetic Data for the La5Re3M016 Series. The values in square parentheses 
are from Chi et. al .. 6. 

M (J Tc Tc/S2 
Cexpt Cso

8 

{K} (K) (K) (emu·K/mol) (emu·K/mol) 
Mn [-48(5)] [161] [26] [4.43(4)] 5.38 

Fe [-84(4)] [155] [39] [3.60(2)] 4.00 

Co [-71.2(5)] 35 [33] 16 [15] [3.578(3)] 2.87 

Ni -74( 4) [-217(3)] 14 [36, 14] 14 [36] 1.49(2) [2.29(1 )] 2.00 

Mg -424(28) [-575(12)] 0.81(5) [l.00(1)] 1.00 
3The Curie constant based on the spin-only model. 

In particular, the value for Tc of the M= Ni compound is modified in light of 

these new results and new Curie-Weiss fits were made for the M= Ni and Mg phases. 

The revision of the Tc value for the Ni phase results in the existence of two categories of 

materials in terms of the Tcls2 value (column 3, Table 3.2). Both Mn and Fe show 

relatively large values, around 30, while this ratio is halved for Co and Ni. The Tcis2 ratio 
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is, within the mean field approximation, proportional to the product of Jinter (the 

intraplanar exchange coupling) and (~intra)2, the square of the intraplanar correlation 

length.9 However, the two contributions cannot be separated without an independent 

measurement. 

In addition, after re-examining the data for the M = Mg and Ni phases, it was 

noted that the t 1 vs T plots were not linear throughout the temperature range 300K -

600K. In such cases, an ambiguity arises concerning the fitting procedure. For example, 

in the previous study6
, only high temperature data which appeared to be linear over a 

limited range were fit to the Curie-Weiss law. Alternatively, a fit can be made using a 

wider temperature range by including a TIP term (arising, presumably, from van Vleck 

type contributions) to account for the curvature. The results from the latter approach are 

listed in Table 3.2 along with the previous values in square brackets. 

As expected, the values for the Curie constant ( C) and the Weiss temperature ( B) 

are somewhat reduced from those reported previously, but are not unreasonable. The M = 

Mg compound is key here as only Re- Re exchange is involved. Note that EJ, which is the 

weighted, algebraic sum of all of the magnetic exchange pathways, is very large and 

negative('"" --400 to-600 K) for this phase, regardless of the fitting method used. For Af+ 

=Mn, Fe, Co and Ni, the(} values are much less negative. This implies that at least some 

of the Re-M magnetic interactions are ferromagnetic, which is consistent with the 

Goodenough-Kanamori rules for magnetic superexchange. IO, 
11 Re5

+ has only t2g electrons 

while all of the Af + cations have half-occupied eg levels. Magnetic exchange from half

filled eg (on M+) to empty eg (on Re5+) should always be ferromagnetic. Thus, one might 
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normally expect to find the magnetic structure seen for the La5Re3Ni016 material with 

ferromagnetic intralayer correlations. However, somehow, the magnetic ground state that 

results in the majority of cases shows overall ferrimagnetic order within the planes. It is 

fair to say that the origin of the magnetic structures observed for these Re-based pillared 

perovskites is not well understood and a deeper analysis is called for. 
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Chapter 4 

Synthesis, Structure and Magnetic Properties of the Pillared 

Perovskites, La5Re3_x TaxB016 (B = Mn, Fe, Co, Ni) 

This chapter describes the synthesis, structural characterization and magnetic 

properties of the series of compounds, LasRe3_xTaxB016 (B =Mn, Fe, Co, Ni) that was 

performed by the candidate. Steve Kuprich and Fred Pearson of the Canadian Centre for 

Electron Microscopy (CCEM) at McMaster University performed the SEM-EDS and 

TEM-EDS measurements, respectively, to investigate the question of Ta5
+ substitution in 

greater detail. High field magnetization measurements (up to 14.0 T) on two compounds 

were performed by Van Griffin and Jan Jaroszynski at the National High Magnetic Field 

Laboratory in Gainesville, Florida using a Vibrating Sample Magnetometer. Dr. Paul 

Dube assisted with the heat capacity measurements, and Lachlan Cranswick and Ian 

Swainson aided with powder neutron diffraction data collection. 
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4.1 Abstract 

The synthesis of a new family of pillared perovskites was accomplished and the 

resulting materials magnetically characterized by SQUID magnetometry, heat capacity 

and variable temperature powder neutron diffraction. The general formula has been 

determined to be LasRe2Re1-xTaxB016, (B =Mn, Fe, Co, Ni; x ~ 0.5), and because of 

metal-metal bonding, the cations within the layers(~ 50% Re5+/50% Ta5+ and 100% B2+) 

are the only magnetic species present in the compound. Despite extensive optimization 

of the synthesis parameters, pure phase materials were not obtained. Hence, further 

experimental characterization was accomplished on samples with secondary phases 

(many of which were non-magnetic). SEM-EDS and TEM-EDS were used to determine 

the approximate amount of Ta substitution. Subsequent synthesis and characterization of 

the analogous compound, La5Re3_xNbxMn016, also confirmed the degree of substitution 

of a non-magnetic 5+ ion to be about 50%. Long-range magnetic ordering occurs in all 

synthesized compounds, with critical temperatures of 160 K (Mn), 135 K (Fe), 32 K (Co) 

and 12 K (Ni), respectively, which are all very similar to the ordering temperatures of the 

La5Re3B016 (B =Mn, Fe, Co, Ni) series. 14 Heat capacity measurements of the Co and Ni 

members confirm the ordering temperatures. From neutron diffraction, the magnetic 

structure of compounds involving Mn, Fe and Co appears to consist of ferrimagnetically 

coupled moments aligned along the c-axis within the perovskite layers, which are then 

coupled antiferromagnetically. The Ni series member has a similar structure, however, 

the moments in the layers are oriented perpendicular to the c-axis. These magnetic 

structures are also consistent with their La5Re~016 (B =Mn, Fe, Co, Ni) counterparts, 
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and suggest that the relatively weaker interplanar magnetic coupling through the 

diamagnetic 'pillar' is vital to the overall magnetism of these compounds. 

4.2 Introduction 

The "pillared perovskites" are a relatively new and magnetically interesting 

family of compounds due to their unique layered structure. The general formula is 

Ln5D 2AB016, where Ln is a lanthanide ion; A and Dare transition metals, typically from 

the 4d or 5d series and B is a 3d (or 4d) transition element. The unit cell is pictured in 

Figure 4.1. Perovskite-like layers of site ordered, comer-shared A06 and B06 octahedra 

are separated by D2010 dimer "pillars" that consist of two edge-shared octahedra. The 

layers are about 10 A apart, and the dimers share comers with only the B-site octahedra. 

The lanthanide ions are also found between the layers. The pillared perovskite is a 

relatively robust structure type, as oxides of molybdenum, La5Mo4_xBxOt6 (x = 0 and x --

0. 7 for B =Mn, Fe, Co, Ni, Mg}5-7
, rhenium, La5Re3B016 (B =Mn, Fe, Co, Ni, Mg) 14

, 

and osmium, LasOs3Mn016
8are all known. 

These compounds exhibit some unusual and unexpected magnetic properties. 

Multiple metal-metal bonding between the 4d or 5d transition metals within the dimeric 

"pillars" pairs all the electrons and, thus, these units are diamagnetic. Consequently, the 

magnetic ions are constrained to the perovskite layers. Due to site ordering of the A and 

B ions within these layers, local moment behaviour is observed with nearly spin-only 

values. Despite the 10 A separation between layers, long-range magnetic order is often 

present in the pillared perovskites, with critical temperatures {Tc) as high as 180 K.6 
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Figure 4.1. Crystal strncture of a "pillared perovskite", La5Re3_x TaxB0 16. The La3
+ ions 

are green spheres; the Re20 10 dimer "pillar" is in dark blue; the ordered Ta and B cations 
are the light blue and pink octahedra, respectively, with oxygens located at the comers. 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 100 

Examination of the rhenium-based family, LasReJiJ016 (B =Mn, Fe, Co, Ni, Mg), 

in greater detail reveals some interesting trends. Some key magnetic data for these 

compounds appear in Table 4.1, which would be useful to review. Within the perovskite 

layers, there are two magnetic ions, Re5
+ (S = 1) and B2

+ (S = 512 - 0, depending on B). 

The critical temperature (Tc) for long-range magnetic order decreases as the spin 

quantum number (S) of the B2
+ ion decreases, until S = 0 (Mg) where no long-range order 

is evident. 3 According to mean field theory for layered compounds, Tc is related to the 

intraplanar correlation length (~intra), the interplanar exchange coupling (Jinter) and the 

spin quantum number (S): 9 

Tc ,...., ~intra -'inter s2 / k 4.1 

When the S2 dependence is divided out for these compounds, there is no obvious trend, 

but rather two categories of materials emerge. Both the Mn and Fe members have Tc/S 

values of about 30, while for the Co and Ni compounds, T cf s2 is roughly half of that 

amount. 

Table 4.1. Magnetic Data for the La5Re3B016 Series.3
•
4 

B B (K~ Tc(K) Tc!S (K) Cexet (emu· K/mol) Cso8 (emu·K/mol) 

Mn -48(5) 161 26 4.43(4) 5.38 

Fe -84(4) 155 39 3.60(2) 4.00 

Co -71.2(5) 35 16 3.578(3) 2.87 

Ni -74(4) 14 14 1.49(2) 2.00 

Mg -424(28) 0.81(5) 1.00 

aThe Curie constant based on the spin-only model. 
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Another interesting feature of the rhenium-based pillared perovskites is their long-

range ordered magnetic structures, as elucidated by powder neutron diffraction. For Mn, 

Fe and Co, the magnetic structure consists off errimagnetically coupled layers, which are 

then coupled antiferromagnetically.24 In contrast, in the Ni compound, moments within 

the layers are coupled ferromagnetically, and the layers themselves are coupled 

antiferromagnetically.4 Application of the Goodenough-Kanamori rules for magnetic 

h d. d . 1 .c. . Rs+ B2+ l' 1011 M . superexc ange pre tct pre ommant y ierromagnettc e - coup mgs. · agnetic 

exchange involving transfer from a half-filled eg level (as is the case for Mn2
+, Fe2

+, Co2
+ 

and Ni2+) to an empty eg level (as in Re5+) should always be ferromagnetic. As a result, it 

is surprising that ferrimagnetic intralayer coupling dominates for most of this series of 

compounds. 

The current investigation expands on the family of known pillared perovskites 

through substitution on the A site of La5Re3B016. The initial goal was to completely 

replace Re5
+ (S = 1) within the perovskite layers with non-magnetic Ta5

+ ions. Since Ta5
+ 

has no electrons for metal-metal bonding, the Re5
+ preferentially occupies the dimer sites. 

This exchange would further dilute the low-dimensional magnetic system, leaving the B2
+ 

ion as the only magnetic site in the compound, La5Re3_xTaxB016 (x = 1). By varying the 

B2
+ element from Mn (S = 5/2) to Ni (S = 1 ), the effect of the spin quantum number on 

the resulting magnetism could be studied by SQUID magnetometry, heat capacity and 

variable temperature powder neutron diffraction measurements. Further studies, 

including SEM-EDS and TEM-EDS as well as the synthesis and characterization of a 
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niobium analogue - LasRe3_xNhxMn0 16, were also undertaken in an attempt to discern to 

what extent the Ta5
+ substituted within the structure. 

4.3 Experimental 

Syntheses 

The compounds LasRe3_xTaxB016 (x = 1) were synthesized by solid state reaction, 

according to the following equation: 

15 La203 + 10 Re03 + 2 Re+ 3 Ta20s + 6 BO~ 6 LasRe3_xTaxB016 4.2 

Stoichiometric amounts of the starting reagents, La20 3 (99.9%, Aldrich), Re03 (Rhenium 

Alloys), Re (Rhenium Alloys), Ta20s (99.99%, CERAC) and either MnO (99.5%, Alfa), 

"FeO", CoO (99.99%, Aldrich), NiO (99.995%, CERAC) or MgO were accurately 

weighed, ground together, and pressed into a pellet. The La20 3 was fired at 900°C 

overnight before use. The "F eO" was prepared by heating a mixture of F e20 3 and Fe at 

900°C for 12 hours. An excess of Fe was used in the final product synthesis due to the 

well-known nonstoichiometry ofFe0. 12 Each sample pellet was placed into a platinum 

crucible, which was sealed in a quartz tube under vacuum(~ 10-5 torr) and heated 

according to a specific temperature program in a tube furnace. The products obtained 

were all dark grey-black powders. 

Powder X-ray and Neutron Diffraction Data 

X-ray diffraction data were collected using a Guinier-Hagg camera with CuKa1 

radiation (A.= 1.5406 A) and high-purity silicon powder as an internal reference. The 
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reflections were recorded on photographic film and converted to digital form using the 

KEJ LS20 line scanner. 

Variable temperature powder neutron diffraction measurements were performed 

on the C2 diffractometer at the Canadian Neutron Beam Centre at Chalk River. The 

crystal structure data (285 K) were collected at a wavelength of 1.32917 A in the angular 

range of 12° ~ 20 ~ 113° with 0.1° steps. Similarly, the magnetic structure data (4 Kand 

above) were measured at a longer wavelength of2.36957 A in the range 5° ~ 20 ~ 85° 

with 0.1° intervals. 

SEM-EDS 

Images were acquired using the Philips SEM 515 at the Canadian Centre for 

Electron Microscopy at McMaster University, equipped with a LaB6 electron gun. The 

system was calibrated such that the measurement bars that appear with the images are 

accurate. Energy dispersive X-ray spectroscopy (EDS) was collected using the Link 

Systems Pentafet X-ray microanalyser with a resolution of 143 eV at 5.9 keV. No 

standards (other than those used to calibrate the system) were used to quantify the spectra 

obtained. The pure phase sample La5Re3Ni01 6 was used as an external standard. 

TEM-EDS 

Rectangular images in real and reciprocal space were collected using the JEOL-

2010F-FEG TEM/STEM system at the Canadian Centre for Electron Microscopy at 

McMaster University, equipped with a Roper Scientific Dual View camera. A variety of 

camera lengths were used, all calibrated with respect to the measurement bar that appears 

with the image. High resolution data were collected using the Gatan GIF 2K CCD 
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camera. Energy dispersive X-ray spectroscopy (EDS) analysis was accomplished using 

the Oxford INCA Semi-Quantitative Analysis Suite. No standards (other than those used 

to calibrate the system) were used to quantify the spectra obtained. The pure phase 

sample La5Re3Ni016 was used as an external standard. 

Magnetic Data 

Magnetic measurements were collected using the Quantum Design SQUID 

magnetometer. Zero field cooled and field cooled (ZFC/FC) magnetic susceptibility data 

from 5 - 300 Kand isothermal magnetization measurements from 0- 5.0 T were 

recorded on powder samples encased in gelatin capsules. High temperature 

measurements (300 - 500 K) were collected using an oven insert and quartz sample 

holders. Diamagnetic corrections were applied to the data, using Pascal's constants13 for 

the individual ions involved. For Re5
+, 22 x 10-6 emu/mol was used, which is an 

intermediate value between Re 4+ and Re 6+. 

Heat Capacity Data 

Heat capacity data were measured from 2 K (for La5Re3_xTaxNi016) or 10 K (for 

La5Re3_x TaxCo016) to 50 K with no applied field and in a 9.0 T field using the heat 

capacity probe in the Oxford MagLab EXA at McMaster University. A suitable block for 

analysis was prepared by repressing and resintering a portion of the previously 

synthesized product. Sample integrity was verified by powder X-ray diffraction 

(Guinier). The sample was mounted onto a sapphire measurement chip with Apiezon 

grease. Contributions to the measured heat capacity by the grease and sample chip were 

accounted for by the software. 
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4.4 Results and Discussion 

Structural Characterization 

The structure of the title compounds was first verified by X-ray diffraction 

(Guinier camera). As this series of pillared perovskites should be isostructural with the 

previous rhenium compounds, direct comparison of the two patterns confirmed the 

presence of the desired phase for an initial firing program of 1100°C for 48 hours. A few 

relatively weak extra lines were detected, indicating the presence of one or more 

additional phases. More rigorous structural analysis was carried out using powder 

neutron diffraction data, collected at the Canadian Neutron Beam Centre (CNBC) in 

Chalk River. One secondary phase that appeared to be present in the LasRe3_xTaxB016 

series of compounds was tentatively identified as La3 Ta07, which remained even after 

regrinding and refiring. As La3 Ta07 is non-magnetic, it would not interfere with bulk 

magnetic measurements, or magnetic structure determination. 

However, the diffraction data for the series did contain additional peaks that could 

not be indexed to any known phase involving various combinations of the oxides 

involved. Increasing the reaction temperature to 1l50°C resulted in the elimination of 

some secondary phase peaks, however, some reflections persisted (Figure 4.2). Further 

increasing the reaction temperature to 1200°C also eliminated some of the secondary 

phase peaks at lower angle. Similarly, as observed for the 1150°C sample, some 

reflections remained. In addition, refiring the compound at this temperature caused a 

significant increase in some of these extra reflections, indicating that the major pillared 

perovskite phase may not be very stable at high temperature. 
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Additional studies regarding the stability of the pillared perovskite phase showed 

that a longer firing time (96 hours versus 48 hours) did not improve sample purity. In 

fact, some secondary phase peaks were enhanced upon longer initial firing, as well as any 

subsequent refiring. 

One additional attempt to obtain a pure phase sample was undertaken, assuming 

only 50% incorporation of tantalum in the starting reaction stoichiometry. The sample 

was prepared in an analogous way, fired to a maximum temperature of l 150°C for 48 

hours. X-ray powder diffraction data of the final product did indicate the presence of a 

pillared perovskite phase (Figure 4.3), however, there were many other phases present in 

the sample. In fact, there were more phases with higher intensity reflections than in any 

of the previously synthesized samples. Some of these additional phases were not 

observed in the previous patterns, and none of them could be positively identified. Since 

this synthesis resulted in a pillared perovskite sample with even more and higher intensity 

secondary phase reflections in the X-ray diffraction pattern than previously observed, it 

was not pursued further. 

Although a suitable model could not be found to account for these additional 

reflections in the powder neutron data, Rietveld refinement did result in reasonable 

values for the unit cell parameters and atomic positions for all members of the La5Re3_ 

x TaxB0 16 series, synthesized assuming full Ta incorporation stoichiometry, with a firing 

time of 48 hours at a maximum temperature of 1150°C, with no refiring. The observed 

and calculated diffraction patterns, as well as the difference plot for all four compounds 
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Figure 4.2. Comparison plot of the X-ray diffraction patterns ofLa5Re3_xTaxMn016 from 
22-32° 28, fired at three different temperatures. The green asterisks denote structural 
reflections for LasRe3-x TaxMn016· 
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Figure 4.3. Comparison plot of the X-ray diffraction patterns ofLa5Re3_xTaxMn016 from 
22-32° 28, assuming full or half Ta substitution in the starting stoichiometry. The green 
asterisks denote structural reflections for La5Re3_x TaxMn0 16. 
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are pictured in Figure 4.4 a-d. Table 4.2 lists the unit-cell constants and refinement 

agreement indices. 

Table 4.2. Unit Cell Constants and Agreement Indices for the Rietveld Pattern 
Refinement of Powder Neutron Diffraction Data for LasRe3_xTaxB016 (B =Mn, Fe, Co, 
Ni) 

B 
a (A) 
b (A) 
c(A) 
a(o) 
p(o) 
y(o) 

V(A3
) 

Mn 
7.996(1) 
8.021(1) 
10.243(2) 
90.12(1) 
95.16(1) 
89.97(2) 

654.28(2) 

0.0453 
0.0597 

10.8 
0.0908 

Fe 
7.974(3) 
8.006(3) 
10.195(5) 
90.66(3) 
95.36(4) 
89.99(4) 

647.96(4) 

0.0850 
0.111 
37.5 

0.162 

Co 
7.974(1) 
7.996(1) 
10.186(2) 
90.20(1) 
94.99(1) 
90.02(2) 

646.99(2) 

0.0412 
0.0578 

9.64 
0.0731 

Ni 
7.947(2) 
7.992(2) 
10.185(2) 
90.26(1) 
94.89(1) 
90.00(2) 

644.51(2) 

0.0452 
0.0631 

11.7 
0.0884 

Atomic co-ordinates are provided in the Chapter Appendix. It is clear that La5Re3_ 

xTaxB016 (B =Mn, Fe, Co, Ni) are isostructural to the previously reported rhenium 

compounds. However, the degree of Ta incorporation could not be unambiguously 

determined from the diffraction data alone. Tantalum has a similar atomic radius (0.78 A 

versus 0.72 A for Re5+)14and differs from rhenium by only two electrons. As a result, X-

ray diffraction would not be suitable for this type of analysis. Neutron diffraction would 

provide slightly better contrast between Re (b = 9.2 fm) and Ta (b = 6.91 fm). However, 

given the multiphasic nature of the samples and the fact that the impurity phases could 

not be identified (and accounted for in the refinement), refining site occupancies would 

be very difficult, and the results would be highly dubious. 
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Figure 4.4. Rietveld refinements of powder neutron diffraction data for La5Re3-x TaxB016: 
a) Mn, b) Fe, c) Co, d) Ni. The top Bragg reflections are for the major phase, and the 
lower Bragg reflections are for La3 Ta07• For the Fe sample, a second impurity, LaFe03 

was also positively identified and included in the refinement (bottom Bragg reflections). 
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SEM-EDS and TEM-EDS Analysis 

The extent of tantalum substitution within the series was investigated 

microscopically for a single sample of LasRe3-x TaxMn016· Scanning Electron 

Microscopy (SEM) images (Figure 4.5) show the compound is comprised of bulky, 

irregular pieces that appear to be relatively homogeneous. However, Energy Dispersive 

X-ray Spectroscopy (EDS) of selected points of the sample revealed that certain areas 

were more lanthanum and tantalum rich than others. This indicates the presence of 

lanthanum-tantalum based oxide impurities, which corroborates the X-ray and neutron 

structural analyses. Nevertheless, EDS analysis of other points in the sample clearly 

suggests the incorporation of tantalum within some grains, in addition to lanthanum, 

rhenium, manganese and, of course, oxygen. Figure 4.6 depicts a typical EDS spectrum 

from this sample, and Table 4.3 outlines the experimentally derived values of the 

elements from the EDS analysis, as well as the calculated atomic percentages for 50% 

and 100% tantalum incorporation. Unfortunately, due to the similarities between 

rhenium and tantalum, it may have been difficult for the software to deconvolute their 

individual contributions. However, the spectrum obtained clearly shows peaks due solely 

to tantalum and solely to rhenium. 

Table.4.3. SEM-EDS Analysis of La5Re3_xTaxMn016 and Calculated Atomic Percentages. 

Element Experimental Calculated Calculated 
EDS 50% Ta 100%Ta 

Atomic% Atomic% Atomic% 
La 21.77 20.00 20.00 
Re 5.92 10.00 8.00 
Ta 5.16 2.00 4.00 
Mn 3.84 4.00 4.00 
0 63.75 64.00 64.00 
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Figure 4.5. SEM image of LasRe3_xTaxMn016, showing the granular, homogeneous nature 
of the sample. 
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Figure 4.6. SEM-EDS spectrum of the elemental composition ofLa5Re3_xTaxMnOt6· 
Note the distinct Re and Ta peaks at higher energy. 
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One drawback of SEM is the inability to determine if the area being examined by 

EDS contains only one phase or a mixture. Transmission Electron Microscopy (TEM) 

has the capability of switching from imaging mode to diffraction mode. By examining 

the diffraction pattern and measuring d spacings (the distance between spots), it is 

possible to correlate these values with the crystal structure (d spacings indexed from 

neutron diffraction data) and with the EDS spectrum. The TEM images (Figure 4.7) 

show that the sample grains prefer stacking on top of each other. High resolution images 

(inset Figure 4. 7) highlight the nice, crystalline habit of the sample as well as the fact that 

each grain appears to be single phase, albeit with the occasional stacking fault. The 

stacking behaviour of multiple sample grains does present some difficulties in the 

analysis of the diffraction patterns, as some spots could be due to different sample pieces, 

oriented at different angles. Analysis of a typical diffraction pattern (Figure 4.8) shows d 

spacings that correspond to the pillared perovskite phase, La5Re3_xTaxMn0 16. Table 4.4 

reports some of these d spacing values from TEM, in addition to the experimental d 

spacings and indices for La5Re3_xTaxMn0 16' determined from powder neutron diffraction. 

The estimated error in the d spacings measured from the TEM images is approximately 

0.01 A, which is a function of camera length, pixel intensity and resolution, software 

restrictions and operator error. 
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Figure 4. 7. TEM image of crystallites of LasRe3-x TaxMn016' and their tendency to 
overlay. Inset - High resolution image of the sample, highlighting the packing habit. 

Figure 4.8. TEM diffraction pattern of a single crystal of La5Re3_x TaxMn016• 
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Table 4.4. Diffraction Image Analysis of La5Re3-x TaxMn0 16 and Comparison with 
Pillared Perovskite Phase. 

TEM Diffraction hkl 
d spacing d spacing Indices 

{A) {A} 
5.61 5.636 1 1 0 

5.633 1 -1 0 
5.08 5.071 -1 -1 1 
5.06 5.066 -1 1 1 
4.00 3.997 0 2 0 
3.97 3.972 2 0 0 
2.83 2.828 1 -1 3 

2.827 1 1 3 
2.69 2.702 -2 0 3 
2.68 2.672 2 -2 1 

2.672 2 2 1 
2.59 2.588 0 -2 3 

2.585 0 2 3 
1.93 1.917 4 0 1 

EDS analysis (Figure 4.9) was able to deconvolute the rhenium and tantalum 

contributions better, and Table 4.5 outlines the experimental atomic percentages, as well 

as those calculated for half and full tantalum substitution. 

Table 4.5. TEM-EDS Analysis ofLasRe3_xTaxMn0 16 and Calculated Atomic Percentages. 

Element Experimental Experimental Calculated Calculated 
EDS - Spot 1 EDS - Spot 2 50% Ta 100% Ta 

Atomic % Atomic % Atomic % Atomic % 
La 25.71 27.49 20.00 20.00 
Re 9.16 9.10 10.00 8.00 
Ta 1.95 1.45 2.00 4.00 
Mn 4.66 4.88 4.00 4.00 
0 58.52 57.18 64.00 64.00 
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Figure 4.9. TEM-EDS spectrum of the elemental composition ofLa5Re3_xTaxMn016· 
Note the distinct Re and Ta peaks at higher energy. 
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It is apparent from the Table that the experimental EDS values match well with 

those calculated for half substitution of tantalum in the sample. The atomic percentages 

obtained from the experimental TEM results, however, are calculated by the software 

based on the area of the peaks in the spectra in comparison to a series of standard 

compounds. These standards are typically metals, with very different EDS spectral 

intensity as compared to oxides. This could cause significant problems with the absolute 

accuracy of the measurements. 

In an effort to understand how the atomic percentages could be affected, the pure 

phase compound, LasRe3Ni016 was also examined. Diffraction images were used to 

verify the sample identity, and subsequent EDS analysis revealed some interesting 

deviations from the expected values. The experimentally determined atomic percentages 

for two sample spots, their average, as well as the expected values are shown in Table 

4.6. 

Table 4.6. TEM-EDS Analysis ofLa5Re3Ni016 and Calculated Atomic Percentages. 

Element Experimental Experimental Average Calculated 

La 
Re 
Ni 
0 

EDS - 1 EDS - 2 Experimental Atomic % 
Atomic % Atomic % Atomic % 

33.60 39.02 36(3) 
12.82 13.18 13.0(2) 
5.10 5.07 5.08(2) 

48.49 42.74 46(3) 

20.00 
12.00 
4.00 

64.00 

It is clear that the percentage of lanthanum is significantly overestimated, whereas 

the amount of oxygen is underestimated. The rhenium and nickel amounts are close to 

the expected values. The ratio of rhenium to nickel is slightly below the expected 
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amount, but the ratio of lanthanum to nickel is much higher than calculated using the 

chemical formula. However, this analysis does serve as a benchmark to use when 

comparing the EDS spectra and atomic percentages estimated for other compounds. 

The overall conclusion from both the SEM-EDS and TEM-EDS data and their 

subsequent analysis was that some tantalum was incorporated within the pillared 

perovskite structure. Although the exact amount of tantalum substitution is not known, it 

appears to be about 50%. Given that the charge and size of rhenium and tantalum are so 

close, and there were no apparent superstructure reflections in the TEM diffraction 

patterns, the substitution appears to be random throughout the perovskite layers. 

Structural Analogue - LasRe3-xNhxMn016 

In an effort to gain a better understanding as to the extent of non-magnetic 5+ ion 

substitution within the pillared perovskite stucture, a trial sample synthesized using 

Nb20s (99.9985%, Alfa Aesar) in place ofTa20s for the Mn member of the series was 

attempted. Niobium has approximately the same radius as rhenium (0.78 A versus 0.72 

A)14, however, it has 34 fewer electrons, making subsequent analysis by X-ray diffraction 

possible. The reaction was carried out in an analogous way, and fired at a maximum 

temperature of l 150°C for 48 hours. The resulting grey-black powder product was 

analyzed by X-ray diffraction. Along with the expected pillared perovskite main phase, 

two secondary phases, La3Nb07 and LaNb04, were identified and included in the 

subsequent Rietveld refinement (Figure 4.10). No other peaks were unaccounted for in 

the pattern. The unit cell parameters and agreement indices are reported in Table 4.7. 
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Table 4.7. Unit Cell Constants and Agreement Indices for the Rietveld Pattern 
Refinement of Powder X-ray Diffraction Data for LasRe3_xNbxMnO I 6 

LasRe3_xNhxMn016 

a (A) 
b (A) 
c (A) 
V(A3

) 

7.9963(1) 
8.01538(9) 

10.2414(1) 
653.747(1) 
0.0733 
0.0972 
1.908 

a(°) 
p(o) 
y(o) 

90.127(2) 
95.159(1) 
89.970(3) 

Using the method of Hill and Howard15
, the weight percentage of the impurities 

were calculated as 5.35% LaNb04 and 12.91 % La3Nb07, respectively. Based on the 

amount of niobium added into the synthesis, 0.291 mmol of niobium is unaccounted for 

by the impurity phases. This is lower than the 0.556 mmol of niobium expected for fully 

substituted La5Re2NbMn01 6. Consequently, the occupancy of the niobium position was 

allowed to refine within this phase, and rhenium was included in this position. This value 

was refined to about 42% niobium and therefore, 58% rhenium, which is very close to the 

estimated occupancy from the impurity investigation (about 52% Nb substitution). 

Although full substitution was not achieved, these results indicate that it is possible to 

substitute some of the Re5
+ ions within the perovskite layers. 

Since it is evident that approximately 50% Nb was incorporated into the LasRe3_ 

xNbxMn0 16 structure, the starting stoichiometry was altered accordingly to obtain a phase 

pure product, and fired to a maximum temperature of 1150°C for 48 hours. X-ray 

powder diffraction of the resulting product (Figure 4.11) revealed that no pillared 

perovskite phase formed. In fact, the major constituents were tentatively identified as 
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Figure 4.10. Rietveld refinement of powder X-ray diffraction data for LasRe3_ 
xNbxMn016. The top Bragg reflections are for the major phase, and the lower Bragg 
reflections are for La3Nb01 and LaNb04, respectively. 
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Figure 4.11. Comparison plot of the X-ray diffraction patterns of La5Re3_xNbxMn016 
from 22-32° 28, assuming full or half Nb substitution in the starting stoichiometry. The 
green asterisks denote structural reflections for La5Re3_xNbxMn016. 
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La4Re2010, LaMn03, La3Nb01 and LaNb04. One possible hypothesis for the lack of 

formation of La5Re3_xNbxMn016 could be that excess Nb might be necessary for any 

incorporation of Nb in the pillared perovskite structure at all, as more thermodynamically 

stable products (such as La4Re2010, LaMn03, La3Nb01 and LaNb04) could be favoured 

in the overall synthesis. 

To further probe the degree of Nb substitution within the pillared perovskite 

phase, SEM-EDS and TEM-EDS analyses were also performed on the LasRe3_ 

xNbxMn0 16 sample. SEM images (Figure 4.12) illustrate the bulky and relatively 

homogeneous nature of the sample. The estimates of each element's relative atomic 

percentage by EDS analysis (Figure 4.13) of selected sample grains agrees well with the 

calculated value for 50% Nb incorporation (Table 4.8). 

Table 4.8. SEM-EDS Analysis of LasRe3_xNbxMn016 and Calculated Atomic 
Percentages. 

Element Experimental 
EDS 

Atomic% 
La 
Re 
Nb 
Mn 
0 

Total 

24.13 
7.51 
1.51 
4.05 
62.80 

JOO 

Calculated 
50%Nb 

Atomic% 
20.00 
10.00 
2.00 
4.00 
64.00 

JOO 

Calculated 
100%Nb 
Atomic% 

20.00 
8.00 
4.00 
4.00 
64.00 

JOO 

Further, TEM-EDS analysis (Figure 4.14) corroborates the SEM findings (Table 

4.9). Again, as previously noted for the Ta-based sample, the values for lanthanum are 

overestimated, and the atomic percent of oxygen is underestimated. A TEM image of the 
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Figure 4.12. SEM image ofLa5Re3-xNbxMn0 16, showing the granular, homogeneous 
nature of the sample. 
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Figure 4.13. SEM-EDS spectrum of the elemental composition of La5Re3_xNhxMnOt6· 
Note the distinct Re and Nb peaks. 
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Figure 4.14. TEM-EDS spectrum of the elemental composition ofLasRe3_xNhxMn016· 
Note the distinct Re and Nb peaks at higher energy. 
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sample (Figure 4.15) shows a clear crystalline facet, and high resolution images (Figure 

4.15, inset) illustrate the regular stacking pattern of the atoms within the structure. 

Table 4.9. TEM-EDS Analysis ofLasRe3_xNbxMn016 and Calculated Atomic 
Percentages. 

Element Experimental 
EDS-Spot 1 

Atomic% 
La 19.16 
Re 7.51 
Nb 1.94 
Mn 3.41 
0 67.98 

Experimental 
EDS-Spot 2 

Atomic% 
43.23 
11.21 
2.40 
7.08 

36.08 

Calculated 
50%Nb 

Atomic% 
20.00 
10.00 
2.00 
4.00 
64.00 

Calculated 
100%Nb 
Atomic% 

20.00 
8.00 
4.00 
4.00 
64.00 

Diffraction images (Figure 4.16) were also collected, d spacings measured and 

compared to the phases present in the sample (LasRe3_xNbxMn016, La3Nb01 and 

LaNb04). Table 4.10 reports some of the d spacings measured from the TEM images, as 

well as the corresponding d spacings in the pillared perovskite phase (from X-ray powder 

diffraction) and their hkl indices. There are no d spacings in either of the other impurity 

phases that are close to these experimentally determined values. Again, as previously 

noted, the estimated error in the d spacings measured from the TEM images is 

approximately 0.01 A, which is a function of camera length, pixel intensity and 

resolution, software restrictions and operator error. 
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Figure 4.15. TEM image of crystallites ofLasRe3_xNbxMn016, and their tendency to 
overlay. Inset - High resolution image of the sample, highlighting the packing of the 
grams. 

Figure 4.16. TEM diffraction pattern of a single crystal of La5Re3_xNbxMn016. 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 125 

Table 4.10. Diffraction Image Analysis of LasRe3_xNbxMn0 16 and Comparison with 
Pillared Perovskite Phase. 

TEM Diffraction hkl 
d spacing d spacing Indices 

{A} (A} 
4.00 4.009 0 2 0 
3.16 3.156 0-2 2 

3.150 0 2 2 
2.51 2.521 3 -1 0 

2.522 3 1 0 
2.49 2.497 -3 1 1 

2.498 -3 -1 1 
2.27 2.273 1 -1 4 

2.270 1 1 4 

All in all, it is obvious from the combination ofSEM-EDS and TEM-EDS data 

and X-ray powder diffraction that approximately 50% niobium is substituted within the 

perovskite layers of La5Re3_xNbxMn016· This is also consistent with the SEM-EDS and 

TEM-EDS findings for La5Re3_xTaxMn0 16. Although not microscopically investigated 

directly, by analogy the other LasRe3_xTaxB016 compounds (B =Fe, Co, Ni) should have 

approximately 50% tantalum substitution as well. 

Magnetic Properties 

Zero field-cooled (ZFC) and field cooled (FC) magnetic susceptibility data, 

measured from 2 to 300 K are displayed in Figure 4.17. There is a small but distinct peak 

centred at 160 K, which could be an indication of long-range magnetic order. At a 

temperature slightly below the apex of this feature, the two curves begin to diverge 

greatly. The ZFC data show a second broad, asymmetric feature, more indicative of 

short-range order, with a maximum at 32 Kand a sharp decrease at lower temperature. 
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The sudden rise at very low temperatures is most likely a paramagnetic impurity. The FC 

data increases significantly at lower temperatures - a sign of ferromagnetism - with a 

possible shoulder at 32 K. At very high temperatures, both the ZFC and FC data decrease 

rapidly at 290 K, which is where the two curves actually begin to diverge. This unusual 

behaviour could be due to an unidentified magnetic secondary phase. This magnetic 

behaviour is remarkably similar to La5Re3Mn016 (inset, Figure 4.17). 1
'
2 However, there 

are some distinct differences. 

The ZFC/FC data for LasRe3Mn016 has a much sharper and larger peak at 161 K, 

as well as a significantly smaller short-range order feature at much higher temperature ( ---

90 K). In La5Re3_xTaxMn016, the random replacement of some of the magnetic Re5
+ 

within the layers with non-magnetic Ta5
+ would disrupt the regular magnetic coupling 

between ions within the layers. This would lead to more short-range order at a lower 

temperature, as 'decoupled' moments would attempt to arrive at some sort of order. If 

the interlayer coupling of B2
+ through the diamagnetic pillar dictates the transition to 

long-range magnetic order, the same critical temperature would be expected, as this 

coupling pathway does not involve the in-layer A5
+ cation at all. 

Due to the presence of an unknown amount of impurity phases, quantitative 

evaluation of the high temperature data is not possible. However, further qualitative 

analysis of the magnetic data does provide some insights into the fascinating magnetism 

of these compounds. 

A plot of the product of susceptibility and temperature (XT) versus temperature 

(Figure 4.18) shows the sharp peak at 160 K more prominently. The second feature 
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Figure 4.17. ZFC/FC magnetic susceptibility of LasRe3-x TaxMn016· Inset - ZFCIFC 
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appears as more of a rise in the data, indicating dominant ferro- or ferri-magnetic 

interactions, before taking a sharp downturn at about 60 K. An approximate 'spin-only' 

Curie constant of 4.875 emu K/mol was calculated, assuming 50% Re5
+ within the layers 

(S= 1, full C= 1.00 emu K/mol) and 100% Mn2
+ (S= 512, C= 4.375 emu K/mol). Both 

features appear above this line, consistent with ferro- or ferri-magnetism. However the 

steep downturn at lower temperatures signifies antiferromagnetic interactions, as the data 

fall below the Curie constant line. 

The derivative of xT plotted against temperature (inset Figure 4.18), or the so

called Fisher heat capacity16
, has two distinct features, centred at about 22 and 151 K, 

respectively. The first peak at 22 K appears to be more symmetric, whereas the feature at 

151 K has a clear, lambda-like profile, which is more indicative oflong-range magnetic 

order. 

The magnetization ofLasRe3_xTaxMn016, plotted as a function of applied field, at 

temperatures of 5, 80, 120, 155, 165 and 250 K is pictured in Figure 4.19. At all 

temperatures, the magnetization at highest field falls far short of the expected saturation 

moment of 5 µB or higher for this compound. Interestingly, the 80 K data has the highest 

magnetization value at the highest field measured (5.0 T). The magnetization curves 

from 5 to 155 Kall show hysteresis at low fields, with a maximum remanence value at 80 

K of 0.3 µB. All of these curves also have an "S"-shape at low fields. This is indicative 

of a metamagnetic transition, which causes the highly anisotropic, weakly 

antiferromagnetically coupled layers to uncouple and align with the applied magnetic 

field. At 165 K, a slight curve to the data is still apparent, indicating a paramagnetic state 
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has not been reached at this temperature. By 250 K, however, the magnetization does 

scale linearly with applied field - a clear signal of paramagnetism. 

Since La5Re3_xTaxMn016 did not saturate at 5.0 T, this sample was studied using a 

Vibrating Sample Magnetometer (VSM) at the National High Magnetic Field Laboratory 

(NHMFL) in Tallahassee, Florida. Magnetization curves up to 14.0 T were measured at 

2.5, 5, 80, 120, 155, 165 and 250 K (inset Figure 4.19). At low fields (5.0 T and below), 

almost the same magnetization behaviour was observed, albeit with higher remanent 

magnetization values. However, in this series of measurements, the 2.5 and 5 K data 

clearly had the maximum magnetization values, even at lower fields. In addition, a 

second broader "S"-shaped transition at about 8 Tin the 2.5 K curve was found. The 

cause of this second metamagnetic-like transition could be related to the canting of the 

Mn2
+ spins, which was observed in the variable temperature powder neutron diffraction 

measurements. 

LasRe3_xTaxFe016 

ZFCIFC magnetic susceptibility data, measured from 2 to 300 Kare pictured in 

Figure 4.20. The two curves begin to diverge just before a peak centred at about 135 K, 

which could be due to long-range magnetic ordering. Both data show a second broader 

feature at about 60 K. The ZFC curve has another shoulder at about 25 K. These smaller 

features could be due to shorter range magnetic interactions. The ZFC/FC data for 

La5Re3_xTaxFe016 is very similar to that reported for La5Re3Fe016 (inset, Figure 4.20).3 

Both data have a ZFC/FC divergence just before a fairly broad peak. However, the 

critical temperature of this peak is slightly different (155 K for La5Re3Fe01 6 and 135 K 
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for La5Re3-x TaxFe016), which could be due to some magnetic impurity phases in the case 

of La5Re3_xTaxFe016· Also, the ZFC data ofLasRe3_xTaxFe016 show two broad but 

significant features at lower temperatures due to short-range order, which is not obvious 

in the La5Re3Fe016 sample at all. As discussed previously for the LasRe3_xTaxMn016 

data, this could be due to the random Ta5
+ substitution within the layer. Again, the 

presence of an unknown amount of secondary phases prevents a quantitative analysis of 

the high temperature data. 

A plot of xT versus temperature (Figure 4.21) reveals that the peak at 135 K is 

actually quite broad, and the second feature at 60 K is now just a shoulder. Only the 135 

K feature appears above the calculated 'spin-only' Curie constant line, signifying 

dominant ferro- or ferri-magnetism. As before, the approximate 'spin-only' Curie 

constant (3.50 emu K/mol) was calculated assuming 50% Re5
+ within the layers (S = 1, 

full C = 1.00 emu K/mol) and I 00% Fe2
+ (S = 2, C = 3.00 emu K/mol). At higher and 

lower temperatures, the curve is actually well below this line, indicating 

antiferromagnetism in these temperature ranges. 

The Fisher heat capacity (inset Figure 4.21) is, again, quite inconclusive. The 

largest lambda-like anomaly is centred at 125 K, indicating possible magnetic long-range 

order. There are also two smaller, broader features at 20 and 50 K, which may be due to 

short-range magnetic interactions. 

The magnetization of La5Re3-x TaxFe016, plotted as a function of applied field, at 

temperatures of 5, 20, 50, 80, 120 and 300 K is pictured in Figure 4.22. At all 

temperatures, the magnetization at highest field is much lower than the expected 
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saturation moment of 4 µB or higher for this compound. Again, the 20 K data has the 

highest magnetization value at the highest field (5.0 T) and not the lowest temperature 

measured. The magnetization curves from 5 to 120 K all show hysteresis at low fields, 

with a maximum remanence value at 20Kof0.35 µB. All of these data also show a 

metamagnetic transition. Similar to the Mn compound, the 5 K data has rather large 

hysteresis. In addition, a second, broader "S" at about 2.5 Tis present in the 20 K curve. 

This secondary transition is very similar to the 8.0 T feature in the 2.5 K magnetization 

curve of the Mn compound, measured at the NHMFL. At 300 K, the data are linear (an 

indication of paramagnetism), however, some slight hysteresis is still present. This could 

indicate another impurity in the Fe sample - one that is ferromagnetic above room 

temperature (i.e. LaFe03, an identified impurity phase, is a canted G-type 

antiferromagnet with Tc~ 740 K, which has a weak ferromagnetic moment). 

La5Re3_xTaxCo016 

Figure 4.23 displays ZFC/FC magnetic susceptibility data for La5Re3-x TaxCo016, 

measured from 2 to 300 K. The two curves diverge at about 120 K. After the 

divergence, the ZFC data have a large, broad shoulder and a sharper peak, centred at 35 

K, before falling sharply at lower temperatures. The FC data also shows the sharp peak, 

which is indicative of long-range magnetic order, but at a slightly lower temperature, 

indicating possible field dependence of the transition. There is a slight dip in the FC data 

at temperatures below this peak, however, at the lowest temperature measured, the 

susceptibility measured remains high(~ 0.37 emu/mol). 
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Comparing the ZFC/FC data measured for LasRe3_xTaxCo016 to the ZFC/FC 

susceptibility curves collected for La5Re3Co0 16
4,(inset Figure 4.23) shows some clear 

similarities and stark differences. Both data diverge at fairly high temperature, followed 

by some broader features indicative of short-range order at slightly lower temperatures. 

However, the short-range order is much more pronounced in LasRe3_xTaxCo016, for 

reasons discussed previously. There also is a sharp peak at,...., 35 Kin both data sets, 

signifying the same critical temperature in both cases. Still, in La5Re3-x TaxCo0 16, this 

peak is a lot less pronounced than for La5Re3Co016. As previously noted, quantitative 

analysis of high temperature data would be dubious due to the presence of an unknown 

amount of impurity phases. 

A plot of xT versus temperature (Figure 4.24) reveals the dominance of ferro- or 

ferri-magnetic interactions, as most of the data appears above the approximate 'spin-only' 

Curie constant line (2.375 emu K/mol, calculated assuming 50% Re5+ within the layers (S 

= 1, full C = 1.00 emu K/mol) and 100% Co2
+ (S = 312, C = 1.875 emu K/mol)]. The 

broad shoulder in the susceptibility data becomes a much more prominent feature, and the 

small peak at 35 K persists. 

The Fisher heat capacity ofLasRe3_xTaxCo0 16 (inset Figure 4.24) has only one 

rather sharp peak at about 32 K. This feature appears to have a lambda-like profile, 

which is characteristic of long-range magnetic ordering. 

The magnetization of La5Re3_x TaxCo016, measured as a function of applied field, 

at temperatures of 5, 17, 30, 48, 100 and 250 K is displayed in Figure 4.25. The expected 

saturation moment is 3 µs for this compound, and at all temperatures, the magnetization 
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value at highest field is much lower than this. The highest saturation magnetization 

measured is~ 1 µ8 at 5 K. The curves from 5 to 30 Kall show hysteresis at low fields, 

with a maximum remanence value of about 0.25 µ8 . All of these data also have an "S"

shaped curve at low fields, indicating a metamagnetic transition. At 48 K, a slight curve 

to the data is still apparent, indicating a paramagnetic state has not quite been reached at 

this temperature. By 100 and 250 K, however, the magnetization does scale linearly with 

applied field, as expected for a paramagnet. 

Since La5Re3_xTaxCo016 also did not saturate at 5.0 T, high field magnetization 

measurements using the VSM at the NHMFL were conducted at 2.5, 5, 17, 30, 48, 100 

and 250 K (inset Figure 4.25) up to 14.0 T. At low fields (5.0 T and below), almost the 

same magnetization behaviour was observed, albeit with higher remanent magnetization 

values. At higher fields, no other transitions were apparent, and the data simply 

increased in an almost linear fashion. Hence, it appears that only the Mn and Fe 

compounds exhibit a second transition at higher field. 

La5Re1-xTaxNiO 16 

ZFCIFC magnetic susceptibility data collected from 2 to 300 Kare pictured in 

Figure 4.26. The two curves begin to diverge at about 250 K, which is at a much higher 

temperature than any of the other compounds. The ZFC data has two very broad features 

at about 50 and 125 K, respectively, indicating substantial short-range antiferromagnetic 

interactions. A small cusp at about 12 K, slightly more visible in the FC data, may be the 

transition to long-range magnetic order. This data differs significantly from that recorded 

for LasRe3Ni016\inset Figure 4.25). In La5Re3_xTaxNi016, the divergence is at much 
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higher temperature, there is substantially greater short-range order, and the transition to 

long-range order is barely visible. However, the critical temperature remains 

approximately the same. Given the large number of differences in the ZFC/FC 

susceptibility data for these two analogous compounds, it is somewhat surprising that the 

critical temperature would remain the same- unless the long-range order coupling 

pathway were not affected by the substitution. 

As with the other Ta substituted samples, quantitative analysis of the high 

temperature data was not possible due to the inability to quantify the amount of impurity 

phases. 

A xT versus temperature plot (Figure 4.27) reveals a few interesting features. An 

approximate 'spin-only' Curie constant line of 1.50 emu K/mol was added to the plot, 

calculated assuming 50% Re5
+ within the layers (S = 1, full C = 1.00 emu K/mol) and 

100% Ni2
+ (S = 1, C = 1.00 emu K/mol). Most of the curve lies above this value, 

indicating dominant ferro- or ferri-magnetism. Only at the 14 K transition (and at 

temperatures about 150 K) does the xT value dip below this line, signalling 

antiferromagnetic behaviour. The transition to long-range order, therefore, appears to be 

the antiferromagnetic coupling of the layers. There are three broader features at 75, 135 

and 250 K, respectively, that may be due to shorter-range antiferromagnetic interactions. 

The Fisher heat capacity (inset Figure 4.27) is inconclusive, with no apparent transitions. 

The magnetization ofLa5Re3_x TaxNi016' plotted as a function of applied field, at 

temperatures of 5, 16, 80, 130, 200 and 300 K is pictured in Figure 4.28. At all 

temperatures, the magnetization at highest field is much lower than the expected 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 140 

0.6 

0.5 

-0 s o.4 -= s 
Q,> 

'-' 0.3 .a 

0.22 

0.20 

0.18 

~ 0.16 
e = 0. 14 
e 
~ 0.12 
;.... = 0.10 

~ 0.08 
c. 
~ 0.06 

~ 0.04 

0.02 

o.ooL~-.--=~~~~~~~~~ 
:s 
.c a 0.2 

Q,> 
~ 
~ = 00 0.1 

0 50 

0 

100 150 200 
Temperature (K) 

50 100 150 200 250 

Temperature (K) 

250 300 

Figure 4.26. ZFC/FC magnetic susceptibility ofLasRe3-x TaxNi016. Jnset- ZFCIFC 
susceptibility data for La5Re3Ni016.4 

10 
~. 

0.20 

r \ 0.15 • • 
8 J \ 0.10 

I • : \ 0.05 - • • ~ - Ii \ ~ 0.00 --- --- --- --- ------- - ---- - ----- --
Q Ii ~ s 6 Iii • ~ -0.05 
~ Ii \ • Ii ......... = Iii -0.10 s Iii \ 

Q,> 4 • • '-' \ -0.15 

~ Iii • 
Iii \ 

~ • -0.20 Iii \ 0 50 100 150 200 250 
Iii • 

2 Ii ~ Temperature (K) • 
• • 

0 
0 50 100 150 200 250 300 

Temperature (K) 

300 

300 

Figure 4.27. xT versus temperature plot for LasRe3_x TaxNiOt6· The horizontal line is the 
spin-only Curie constant. Inset - Fisher heat capacity for La5Re3_xTaxNi016· 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 141 

Figure 4.28. Magnetization curves for La5Re3_x TaxNi0 16 with a 5.0 T maximum field. 
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saturation moment of 2 µ8 or higher for this compound. The magnetization curves at 5, 

16 and 80 K show slight hysteresis at low fields, with a very small maximum remanence 

value of only 0.05 µ8 . Instead of the typical "S"-shaped feature, there is a sharp 'kink' 

visible in the 5 K curve at about 1.4 T, before a pronounced curvature of the data at 

higher fields. A slight curvature to the magnetization remains until 130 K, where it 

becomes linear and remains so until 300 K. This clearly indicates paramagnetic 

behaviour. 

As all of the compounds studied displayed metamagnetic behaviour in their 

magnetization curves recorded below their transition temperatures, attempts were made at 

estimating the critical field (He) required for this phenomena at each temperature 

measured (Table 4.11 ). The critical field is generally taken as the inflection point of the 

"S "-shaped magnetization curve. A good estimation of the inflection point of a curve is 

to take the first derivative, as the inflection point should appear as a sharp peak. This was 

performed on the magnetization curves ofLa5Re3_xTaxB016 (B =Mn, Fe, Co, Ni) below 

their corresponding critical temperatures. 

Table 4.11. Critical Fields for Metamagnetic Transitions Observed for La5Re3-x TaxB016 
(B =Mn, Fe, Co, Ni) 

B T 
Mn 5 

Co 

80 
120 
155 

5 
17 
30 

27 500 
5200 
4300 
2800 

7600 
5000 
4200 

B 
Fe 

Ni 

TK 
5 

20 
50 
80 
120 

5 

He Oe 
50 000 
18 000 
7400 
5800 
4800 

15 500 
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Generally, there appears to be no real systematics in this series. A plot of critical fields 

versus reduced temperature (TIT c) shows that at temperatures close to their critical 

temperatures, the compounds behave similarly, with relatively low values of the critical 

fields (Figure 4.29). At lower temperatures, all materials experience an increase in the 

critical field required for the metamagnetic transition. However, both the Mn and Fe 

compounds seem to have relatively higher values than the Co. The Ni member is 

difficult to place, as only one measurement below its transition temperature was 

completed. Relative to the other compounds, though, the Ni appears to have a much 

higher value. This could be due to the different orientation of magnetic spins 

(perpendicular to the c-axis as opposed to parallel to it, as is the case with Mn, Fe and 

Co). Overall, given the relatively high values of the critical fields at low temperatures, it 

appears that the interlayer coupling is quite strong. However, this magnetic coupling is 

still weak enough that it can be overcome by laboratory fields, especially at temperatures 

slightly below the magnetic transition point. 

La5Re3_xNbxMnO 16 

Preliminary investigation of the magnetic properties of La5Re3_xNbxMnO t 6 reveals 

some interesting behaviour. Although similar in nature to both the La5Re3Mn01 iand 

La5Re3_x TaxMnO 16 data, there are still some distinct differences. The zero field-cooled 

(ZFC) and field cooled (FC) magnetic susceptibility data from 2 to 300 K (Figure 4.30) 

show a very small cusp at 160 K, which could signal long-range magnetic order. 

However, this feature is much smaller in the Nb compound, as compared to either of the 

other two. The two curves diverge just below the cusp. The ZFC data continue with a 
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broad shoulder at about 125 K, and a large broad feature, centred at about 65 K. All of 

these features are peaked in the ZFC susceptibility data, suggesting antiferromagnetic 

interactions. In addition, the susceptibility continues to decrease down to the lowest 

temperature measured. However, the FC data rise quickly after 160 K and continue 

increasing at lower temperatures, indicating ferromagnetism. This is very similar to the 

behaviour observed for the other two analogous compounds, but to a much greater extent. 

Since both secondary phases could be identified and quantified, the high 

temperature data (from 320-450 K) could be fit to the Curie-Weiss law (inset Figure 

4.30). The Curie constant was found to be 4.94(2) emu K/mol, with a Weiss constant of 

+ 83(1) K. The positive Weiss constant suggests dominant ferromagnetic interactions, in 

contrast to the negative Weiss constant found for La5Re3Mn016•
1 In addition, the Curie 

constant derived from the fit agrees well with the expected spin-only value (4.875 emu 

K/mol), calculated based on 50% Nb substitution [50% Re5+ (S = 1, full C = 1.00 emu 

K/mol) and 100% Ni2
+ (S= 1, C= 1.00 emu K/mol)]. In fact, this experimental Curie 

constant is actually quite close to that determined for La5Re3Mn0 16 (4.43(4) emu/mol)1 

as well. Yet, the Curie constant for La5Re3Mn016 should actually be higher (5.375 emu 

K/mol), since it would include the full contribution of Re5
+. 

A plot of the product of ZFC susceptibility and temperature versus temperature 

(Figure 4.31) does show the 160 K cusp more prominently. The shoulder at 125 K, and 

the broad 65 K feature appear at very high values above the red line, which denotes the 

expected spin-only Curie constant of 4.875 emu K/mol for La5Re2.5Nb0_5Mn016• This 

behaviour is a clear sign of ferro- or ferri-magnetism. Only at the lowest temperatures 
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measured do the data cross this line. At higher temperatures, xT approaches the Curie 

constant line, indicating that the magnetism is nearing the paramagnetic regime. 

Finally, the Fisher heat capacity16 or derivative of xT with respect to temperature, 

plotted against the temperature is pictured in the inset of Figure 4.31. This graph 

approximates the expected heat capacity data for this compound, with respect to any 

magnetic transitions. The broad feature in the magnetic data remains large and very 

symmetric, a sign of short-range order. However, a very small portion of the lambda-like 

peak at 160 K remains above the zero line. 

This niobium study supports the idea that some substitution of a 5+, spin zero ion 

for Re5
+ within the layers of a pillared perovskite compound does indeed occur, and has 

some interesting effects on the resulting magnetic properties. 

Heat Capacity 

Due to the limitations of the equipment used, only compounds with suspected 

critical temperatures below 50 K could be measured with a high degree of accuracy. As 

such, heat capacity data was collected on the Co and Ni compounds. A non-magnetic 

analogue, LasRe3-x TaxMg016, was also synthesized in a similar manner and measured to 

account for the contribution of the lattice to the heat capacity. Unfortunately, due to the 

presence of unknown impurities in all of the samples measured, quantitative analysis of 

the heat capacity data would be dubious at best. However, qualitative information, such 

as the presence of lambda-like anomalies and the temperature of their peak maxima can 

still be extracted. 
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The heat capacity of La5Re3-x TaxCo016 from 10 to 50 K, determined in the 

absence and presence of a 9.0 T magnetic field, as well as the heat capacity of the lattice 

match compound, is pictured in Figure 4.32. There is a very small, broad feature at about 

32 Kin the heat capacity of La5Re3_xTaxCo0 16, which is slightly suppressed upon 

application of the magnetic field. Subtraction of the lattice match (inset Figure 4.32) 

yields a lambda-shaped anomaly with peak maximum at about 33 K. The shape indicates 

long-range magnetic order and the temperature of this transition agrees well with the 

magnetic data. 

Similarly, the heat capacity of La5Re3_xTaxNi016, collected from 2 to 50 K with 

and without a 9.0 T field applied, as well as the heat capacity due to the lattice is 

displayed in Figure 4.33. A small, broad anomaly in the La5Re3_xTaxNi016 heat capacity 

is evident at about 12 K, and is somewhat suppressed when a 9.0 T field is applied. Upon 

subtraction of the lattice match (inset Figure 4.32), the broad, asymmetric shape of the 

feature is more apparent. Lower temperature data might be able to resolve the shape, 

however, it may also indicate that only short-range magnetic interactions are present in 

LasRe3-x TaxNi016· However, the peak maximum of 12 K agrees well with the 

assignment of Tc from the magnetic susceptibility data. 

Variable Temperature Neutron Diffraction 

The crystal structure of each compound in the La5Re3_x TaxBO 16 series (B = Mn, 

Fe, Co, Ni, Mg) was determined from powder neutron diffraction data collected at room 

temperature and has been discussed previously. However, when these samples were 
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subsequently cooled well below their suspected critical temperatures for magnetic order 

( ~ 4 K), new peaks appeared in their powder neutron diffraction patterns. 

For the Mn, Fe and Co members of the series, the new reflections could all be 

indexed to a magnetic unit cell with ordering vector k = (0 0 112). Figure 4.34 displays 

the patterns collected at various temperatures for the Mn member, highlighting the new 

reflections. This magnetic unit cell had been observed previously for the LasRe3B016 (B 

=Mn, Fe, Co) series of compounds. 3
,4 The magnetic structure ofLa5Re3B01 6 (B =Mn, 

Fe, Co) can be described as ferrimagnetically coupled moments on the Re5
+ (S = 1) and 

B2
+ (S = 512, 2, 3/2) sites within the layers, and the layers themselves coupled 

antiferromagnetically. This interlayer antiferromagnetic coupling causes the doubling of 

the chemical c-axis in the magnetic unit cell. Since the same magnetic structural peaks 

were found for the Mn, Fe and Co members of the LasRe3_xTaxB016 series, it follows that 

the magnetic structure is also the same or very similar. Random substitution of Ta5
+ for 

approximately half of the Re5
+ ions within the layers of the pillared perovskite could still 

result in ferrimagnetic intralayer coupling, however, with a much greater ferromagnetic 

component, as some of the B2
+ moment would be uncompensated. Nonetheless, the 

overall magnetic contribution to certain reflections should be less, as some of the 

magnetic ions in the system have been removed. Assuming random replacement of Ta5
+ 

for half of the Re5
+ ions within the layers, the magnetic structure of La5Re3_x TaxBO 16 

compounds would consist of ferrimagnetically coupled B moments within the layers, 

which are then coupled antiferromagnetically, as shown (inset Figure 4.34). 
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Figure 4.34. Powder neutron diffraction pattern of LasRe3-x TaxMn016 taken at various 
temperatures. The new magnetic reflections are denoted with arrows, and their indices to 
the magnetic unit cell are also indicated. Inset - Magnetic unit cell of LasRe3-x TaxB016 (B 
=Mn, Fe, Co). The moments on the blue Re sites are much smaller, since they are 
partially substituted randomly by Ta. In the Mn compound, the moments on the pink Mn 
ions are canted slightly off-axis. 
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Unfortunately, due to significant sample contamination by unknown secondary 

phase peaks, the magnetic moments could not be refined directly. However, relatively 

good fits to the low temperature neutron data were found when approximate spin-only 

values for the B site moments were used (Figure 4.35 a-d). In the refinements of the Fe 

and Co members, the moments were oriented parallel to the c-axis. For the Mn sample, 

where off-axis canting of the moment is suspected, a small component was included in 

the ab-plane. Finally, for the Ni compound, the majority of the moment was oriented 45° 

in the ab-plane, with a small component due to spin canting, directed along the c-axis. In 

addition, a small moment (,....,half the spin-only effective moment of a S = 1 magnetic ion) 

was placed on the in-layer Re position in an attempt to improve the refinements. 

However, this did not make a significant difference in the overall agreement of the fit, as 

evident by examination of the Rp, Rwp and x2 values. It is not possible to refine the data 

further, as the quality of the samples is insufficient for such detailed analysis. 

For Mn, Fe and Co, neutron powder patterns were collected as a function of 

temperature. The critical temperature determined from the neutron diffraction data 

matched well with the SQUID magnetometry data, confirming Tc for long-range 

magnetic order. 

Some interesting features were also observed in the powder neutron diffraction 

data. In La5Re3_x TaxMn016' one low-angle reflection has a slightly different temperature 

dependence, disappearing by 80-100 K. In addition, the intensity of the other magnetic 

peaks appears to dip sharply between 40 and 80 K (Figure 4.36). This new reflection 

indexes to 0 0 112 in the magnetic unit cell. In order for this peak to have any intensity, 
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Figure 4.35. Rietveld refinements oflow temperature powder neutron diffraction data for 
LasRe3_xTaxB016: a) Mn, b) Fe, c) Co, d) Ni. The top Bragg reflections are for the major 
phase, middle Bragg reflections are for La3 Ta07 and the bottom Bragg reflections are the 
magnetic phase. 
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the moments must be directed off the c-axis, implying canting of the magnetic moments 

at lower temperatures. This was also observed previously in LasRe3Mn016, but only the 

Mn moments were canted, about 18° off-axis. 2 The change in intensity for the other 

magnetic peaks may also imply slight off-axis canting of the Mn moments in LasRe3_ 

xTaxMn016. The magnetic susceptibility curve showed a broad feature at about 100 K 

that could be caused by this spin reorientation. In addition, one of the "S" - shaped 

anomalies in the magnetization curve could be caused by realignment of the canted Mn 

moments. This secondary reflection was only observed for the Mn compound, however. 

The Ni member had a very different powder diffraction pattern at 4 K (Figure 

4.37). The only new reflection observed was a low angle peak that could be indexed as 0 

0 1/2. The higher angle reflections present in the patterns of the other La5Re3-x TaxB016 

compounds were not observed. This implies that in the Ni material, the moments are 

oriented perpendicular to the c-axis, rather than parallel to it. This behaviour was also 

noted previously, in the study of La5Re3Ni016.4 Similarly, the exact angle in the ab plane 

has a high degree of variability. However, for La5Re3_xTaxNi016' there appears to a much 

smaller component to the moment along the c-axis. Due to the presence of the 0 0 1/2 

reflection, the layers themselves are still coupled antiferromagnetically. The resulting 

magnetic structure of this compound is pictured in the inset of Figure 4.37. Since this 

reflection is so weak in La5Re3_x TaxNi016, measurements to follow the temperature 

dependence of the peak were not undertaken. 

Another observation of note is that the relative intensity of the magnetic peaks 

with respect to the structural reflections is much lower in the La5Re3_x TaxB016 series than 
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Figure 4.37. Powder neutron diffraction pattern of La5Re3_xTaxNi0 16 at 4 Kand room 
temperature. The new magnetic reflection is denoted with an arrow, and indexed as 
shown. Inset- Magnetic unit cell of La5Re3_x TaxNi0 16• The moments on the blue Re sites 
are much smaller, since they are partially substituted randomly by Ta. 
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for La5Re3BO 16. As discussed previously, this is expected if non-magnetic Ta5
+ was 

partially substituted within the perovskite layers. The overall contribution to the magnetic 

reflections should be lower than in the parent compounds since the magnetic system is 

more dilute. This appears to be the case in all of the LasRe3_xTaxB016 (B =Mn, Fe, Co, 

Ni) compounds measured. 

From the neutron diffraction data, apparent partial substitution of magnetic Re5
+ 

for non-magnetic Ta5
+ within the perovskite layers has little effect on the critical 

temperature for long-range order. This can be understood if the weaker interlayer 

coupling is the factor that determines the long-range magnetic ordering. 

4.5 Conclusions 

The synthesized compounds, La5Re3_xTaxB01 6 (B =Mn, Fe, Co, Ni), would 

represent a more magnetically dilute subsystem of the previously investigated 

La5Re3B016 compounds. There is evidence of approximately 50% Ta substitution. Both 

the SEM-EDS and TEM-EDS analyses ofLasRe3_xTaxMn016 and LasRe3_xNbxMn016 

showed the presence of tantalum and niobium, respectively, within the pillared perovskite 

phase. In addition, analysis of the X-ray diffraction pattern also confirmed approximately 

50% Nb substitution within the La5Re3-xNbxMn016 compound. The magnetic properties 

(i.e. Tc, magnetic structures) of both the La5Re3_xTaxB016 (B =Mn, Fe, Co, Ni) and 

La5Re3_xNhxMn016 are very similar to those observed for the analogous La5Re3B016 (B = 

Mn, Fe, Co, Ni) compounds. However, it still is surprising that the removal of some of 

the magnetic ions per formula unit has little to no effect on the magnetic properties of the 
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pillared perovskites, most notably the magnetic ordering temperature, and magnetic 

structure. The similarities between the two series of rhenium-based pillared perovskites 

are summarized in Table 4.12 below. 

Table 4.12. Magnetic Data Comparison of the LasRe3_xTaxB016 and LasRe3B016 Series 
and La5Re3_xNbxMnO 16· 3'4 

LasRe3-x TaxB016 LasReJ.8016 LasRe3-xNbB016 

B Tc (K) Tc!S2 (K) Tc (K) TcfS2 (K) Tc (K) Tc!S2 (K) 

Mn 160 26 161 26 160 26 
Fe 135 34 155 39 

Co 35 16 35 16 

Ni 12 12 14 14 

Mg - - - -

As previously mentioned in the Introduction, dividing the critical temperature by 

the square of the spin quantum number gives a relative estimation of the strength of the 

intraplanar correlation length and the interplanar exchange constant. For La5Re3_ 

x TaxB016 (B = Mn, Fe~ Co, Ni), two sets of compounds emerge: Mn and Fe have high 

values, whereas Co and Ni have low values, following the same trend as the La5Re3B016 

series. Both Mn and Fe show unusual and interesting magnetic behaviour, exhibiting 

shorter-range interactions below their critical temperatures, and a secondary transition at 

higher field in their magnetization curves. 

One other striking similarity between the two series is the magnetic structures of 

the compounds. In both the LasRe3_xTaxB016 and LasRe3B016 series, the Mn, Fe and Co 

members have the moments of the B2
+ ions aligned parallel to the c-axis, coupled 
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ferrimagnetically within the layers. There is slight off-axis canting of the Mn moments in 

both sets of compounds. In addition, the layers are coupled antiferromagnetically. The 

Ni species has the same basic magnetic structure in both series as well, which is 

completely different from the other materials. The Ni moments are also 

ferromagnetically correlated within the layers, however, they lie perpendicular or slightly 

canted with respect to the c-axis. The exact orientation of the moments within the ab 

plane is not well determined, as equally good fits are obtained for a range of angles. 

However, the layers remain antiferromagnetically coupled in this pillared perovskite as 

well. 

With such similarities in the magnetic ordering temperatures and magnetic 

structures, it is fascinating that partial substitution of non-magnetic tantalum does not 

have a greater effect on these magnetic properties. However, closer analysis of the 

pillared perovskite structure reveals that only the B2
+ cations are linked through the 

diamagnetic "pillars" connecting the layers. If the B2
+ interlayer magnetic exchange 

pathway is important to the overriding magnetism, and dictates the transition to long 

range order, then it would not be surprising to see why Ta substitution would have little 

to no effect on those properties, since it is not involved in this interaction at all. Within 

the layers, ferrimagnetic coupling of the remaining Res+ and B2
+ ions persists, despite 

violating the Goodenough-Kanamori rules of magnetic superexchange. Again, if 

interlayer exchange were the dominant interaction, this would force the moments within 

the layer to align in this manner, despite their preference for ferromagnetic Res+ -B2
+ 
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coupling. These facts suggest that the interplanar coupling pathway plays a key role in 

determining the magnetic ordering and magnetic structure of the pillared perovskites. 
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Appendix A - Atomic Position Data from Powder Neutron Diffraction Refinements 
for LasRe3_xTaxB016 (B =Mn, Fe, Co, Ni) 

LasRe3-x TaxMn016 
Atom x y z 

LAI 0.228(2) 0.748(2) 0.80I(2) 

LA2 0.228(2) 0.270(2) 0.781(2) 

LA3 0.50000 0.50000 0.50000 

REI 0.055(2) 0.495(3) 0.396(1) 

TAI 0.00000 0.00000 0.00000 

MNl 0.00000 0.50000 0.00000 

01 O.I90(2) 0.519(3) 0.568(2) 

02 0.280(2) 0.501(4) 0.323(2) 

03 -0.047(2) 0.489(4) O.I98(2) 

04 0.070(2) 0.012(4) 0.174(2) 

05 0.038(4) 0.723(3) 0.367(3) 

06 0.045(3) 0.258(3) 0.371(3) 

07 -0.062(2) 0.253(3) -0.003(2) 

08 0.232(3) 0.061(2) -0.040(2) 

LasRe3-x TaxFe016 
Atom x y z 

LAl 0.273(5) 0.773(3) 0.8I6(5) 

LA2 0.212(6) 0.260(7) 0.796(5) 

LA3 0.50000 0.50000 0.50000 

REI 0.062(5) 0.498(5) 0.442(4) 

TAI 0.00000 0.00000 0.00000 

FEI 0.00000 0.50000 0.00000 

OI 0.230(8) 0.496(9) 0.602(7) 

02 0.292(8) 0.489(8) 0.305(7) 

03 -0.073(7) 0.5 l I(9) 0.193(6) 

04 0.052(6) -O.OOI(9) 0.182(6) 

05 0.07I(8) 0.743(8) 0.414(6) 

06 0.018(8) 0.234(9) 0.358(6) 

07 -0.004(9) 0.246(8) 0.047(7) 

08 0.232(9) 0.066(7) -0.045(6) 
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LasReJ-x TaxCo016 
Atom x y z 
LAI 0.222(3) 0.755(2) 0.799(2) 

LA2 0.229(3) 0.269(2) 0.800(2) 

LA3 0.50000 0.50000 0.50000 

REI 0.057(2) 0.493(2) 0.393(1) 

TAI 0.00000 0.00000 0.00000 

COl 0.00000 0.50000 0.00000 

01 O.I86(3) 0.528(3) 0.567(2) 

02 0.292(2) 0.492(3) 0.323(2) 

03 -0.046(2) 0.504(4) 0.198(2) 

04 0.075(2) 0.004(4) 0.184(2) 

05 0.040(4) 0.726(3) 0.371(3) 

06 0.052(3) 0.256(3) 0.363(3) 

07 -0.059(2) 0.237(3) -0.008(2) 

08 0.232(3) 0.051(2) -0.039(2) 

LasReJ-x TaxNi016 
Atom x y z 

LAI 0.226(3) 0.755(2) 0.803(2) 

LA2 0.222(3) 0.265(2) 0.798(2) 

LA3 0.50000 0.50000 0.50000 

REI 0.053(2) 0.496(2) 0.389(1) 

TAI 0.00000 0.00000 0.00000 

Nil 0.00000 0.50000 0.00000 

01 0.192(3) 0.525(3) 0.569(2) 

02 0.285(2) 0.490(3) 0.321(2) 

03 -0.044(2) 0.515(3) 0.199(2) 

04 0.071(2) 0.001(4) 0.184(2) 

05 0.036(3) 0.729(3) 0.372(2) 

06 0.059(3) 0.259(3) 0.360(3) 

07 -0.053(2) 0.234(3) -0.011(2) 

08 0.229(3) 0.052(2) -0.034(2) 
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Chapter 5 

Synthesis, Structure and Unexpected Magnetic Properties of La3Re2010 

This chapter contains the manuscript "Synthesis, Structure and Unexpected 

Magnetic Properties ofLa3Re20 10", published in the journal Inorganic Chemistry (lnorg. 

Chem. 2007, 46, 8739-8745). The candidate completed all of the experimental synthesis 

and measurements, as well as all data processing and interpretation. Collaborators Dr. 

Ignacio Vargas-Baca and Dr. Shahab Derakhshan performed all of the calculations (DFT 

and EHTB spin dimer analysis, respectively). The candidate also prepared the 

manuscript and submitted it to the journal as corresponding author. 

Reproduced with permission from Cuthbert, H.L.; Greedan, J.E.; Derakhshan, S.; 

Vargas-Baca, I.; Swainson, I.P. lnorg. Chem. 2007, 46, 8739-8745. Copyright 2007 

American Chemical Society. 
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Synthesis, Structure and Unexpected Magnetic Properties of La3Re1,01o 

Heather L. Cuthbert*a,b, John E. Greedana,b, Ignacio Vargas-Bacaa, Shahab Derakhshana,b 
and Ian P. Swainsonc 

a Department of Chemistry, McMaster University, Hamilton, Ontario, Canada, L8S 4Ml 

b Brockhouse Institute for Materials Research, McMaster University, Hamilton, Ontario 
Canada, L8S 4Ml 

c Canadian Neutron Beam Centre, National Research Council, Chalk River Laboratories, 
Chalk River, Ontario, Canada, KOJ lJO 

5.1 Abstract 

The compound La3Re20 10 has been synthesized by solid state reaction, and 

characterized by powder neutron diffraction, SQUID magnetometry and heat capacity 

measurements. Its structure consists of isolated [Re20 10]
9
- dimer units of two edge-shared 

Re06 octahedra, separated by La3
+ within the lattice. The Re-Re distance within the 

dimer units is 2.488 A, which is indicative of metal-metal bonding with a bond order of 

1.5. The average oxidation state of the Re atom is +5.5, leaving one unpaired electron 

per dimer unit (S = 112). Although the closest inter-dimer distance is 5.561 A, the 

magnetic susceptibility data and heat capacity measurements indicate this compound 

exhibits both short and long range magnetic order at surprisingly high temperatures. The 

zero field cooled (ZFC) magnetic susceptibility data show two broad features at 55 Kand 

105 K, indicating short range order, and a sharper cusp at 18 K, which signifies long 

range antiferromagnetic order. The heat capacity ofLa3Re2010 shows a lambda-type 

anomaly at 18 K, which is characteristic of long range magnetic order. DFT calculations 

determined that the unpaired electron resides in a 7t bonding orbital and that the unpaired 
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electron density is widely de localized over the atoms within the dimer, with high values 

at the bridging oxygens. Extended Hiickel spin dimer calculations suggest possible 

interaction pathways between these dimer units within the crystal lattice. Results from 

the calculations and fits to the susceptibility data indicate that the short-range magnetic 

ordering may consist of 1-D antiferromagnetic linear chains of coupled S = 1/2 dimers. 

The magnetic structure of the antiferromagnetic ground state could not be determined by 

unpolarized neutron powder diffraction. 

5.2 Introduction 

The magnetic properties of oxides involving the 4d and 5d transition metals have 

been much less explored, in comparison to the 3d elements. The crystal chemistry and 

structures of the 4d and 5d oxides are often different, due to the more extended nature of 

the 4d and 5d orbitals, the occurrence of higher oxidation states and the tendency to form 

metal-metal bonds. These factors can have a detrimental effect on the resulting 

magnetism, however, novel magnetic properties are also possible. 

There are a few known oxides involving lanthanum and rhenium and many of 

these contain multiple Re-Re bonds. Of course, in compounds such as La3Re08, rhenium 

is in its maximum oxidation state and metal-metal bonding does not occur. 1
'
2 Instead, Re 

(VII) ions are found in isolated octahedral sites. In contrast, LCLiRe20 10 consists of 

isolated [Re20 8]
8-units, linked together by La3

+ ions.3 The very short Re-Re bond length 

of 2.259(1) A is attributed to a triple bond, pairing all electrons. A study of various 
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rhenium(IV) oxides demonstrated that they can be oxidized and reduced, however, the 

exact structures of the products were not determined. 4 

In addition, oxides exist with rhenium in a mixed oxidation state. In L3.()Re401s, 

the average oxidation state of rhenium is +4.5.5 Two different, isolated Re-Re bonded 

clusters exist: [Re208]
8
- and [Re20 10]

1
1}-, with Re-Re bond lengths of 2.235(6) and 

2.456(5) A, respectively, consistent with triple and double bonds. In all of these cases, 

the metal-metal bonding pairs the electrons within the Re dimers and the result is 

diamagnetism. However, in La4Re601 9, with Re in the +4.333 state, a three-dimensional 

framework of edge-shared octahedral dimers that share comers is formed. 6'
7 Despite the 

existence of metal-metal double bonds (Re-Re distance of 2.42 A), this compound is 

metallic, indicating the presence of unpaired, but de localized electrons. 

The title compound has been synthesized previously in single crystal form using a 

hydrothermal method. 8 An unidentified powder was also a product. Its structure is 

comprised of isolated [Re2010]
9

- dimeric units of two edge-shared Re06 octahedra, 

separated by La3+ within the lattice. The Re-Re distance within the dimer units was 

reported as 2.484( 1) A, consistent with metal-metal bonding. The average oxidation state 

of the Re is +5.5, leaving one unpaired electron per dimer unit (S = 112). Semiconducting 

behaviour was observed, indicating localization of the electrons, and the possibility of 

magnetism. However, the reported effective magnetic moment of about 6 µ8 at room 

temperature for La3Re20 10 (S = 1/2) does not appear to make much physical sense, given 

the maximum spin-only effective moment for this system should be 1. 73 µB. 
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The present report focuses on the synthesis of La3Re201 o using conventional 

solid-state methodologies for the first time, as well as a comprehensive study of its 

structure by powder X-ray and neutron diffractometry and its magnetic properties, 

utilizing SQUID magnetometry and heat capacity measurements. 

5.3 Experimental Methods 

Synthesis 

La3Re201o was synthesized by solid state reaction, according to the following: 

5.1 

Stoichiometric amounts of the starting reagents, La20 3 (99.9%, Aldrich, heated at 900°C 

overnight before use), Re03 (Rhenium Alloys) and Re (Rhenium Alloys) were accurately 

weighed, ground together, pressed into a pellet and placed into a platinum crucible, 

which was sealed in a quartz tube under vacuum(~ 10-5 torr). The reactants were heated 

to 1050°C in a tube furnace and held for 48 hours. The product obtained was a black 

powder. 

X-ray and Neutron Diffraction 

X-ray diffraction data were collected using a Guinier-Hagg camera with CuKa1 

radiation (A= 1.5406 A) and high-purity silicon powder as an internal reference. The 

reflections were recorded on photographic film, and the line intensities were converted to 

digital format using the KEJ LS-20 line scanner. 

Variable temperature powder neutron diffraction measurements were performed 

on the C2 diffractometer at the Canadian Neutron Beam Centre at Chalk River, Ontario. 
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Data for crystal structure refinement (285 K) were collected at a wavelength of 1.32917 

A in the angular range of 12° ~ 20 ~ 113° with 0.1° steps. Similarly, data for 

investigation of the magnetic structure ( 4 and 285 K) were measured at a longer 

wavelength of 2.36957 A in the range 5° ~ 29 ~ 85° with 0.1° intervals. 

Magnetic Data 

Magnetic measurements were collected using a Quantum Design SQUID 

magnetometer. Zero field cooled and field cooled (ZFC/FC) magnetic susceptibility data 

from 5-300 Kand isothermal magnetization measurements from 0-5 T were recorded on 

a powder sample encased in a gelatin capsule. Diamagnetic corrections of 20 x 10-

6 emu/mol (La3+), 16 x 10-6 emu/mol (Re6+) and 12 x 10-6 emu/mol (02
-) were added to the 

susceptibility data. There was no diamagnetic correction for the sample holder. 

Heat Capacity 

Heat capacity data were measured from 5-115 Kin zero applied field and from 5-

30 Kin a 9.0 T field using the heat capacity probe of the Oxford MagLab system. A 

suitable sample block was prepared by repressing and resintering a portion of the 

previously synthesized product. Sample structure integrity was verified by powder X-ray 

diffraction (Guinier). The thin block was mounted onto a sapphire measurement chip 

with Apiezon grease. Contributions to the measured heat capacity by the grease and 

sample chip were accounted for by the software. 

Calculations 

All DFT calculations described here were performed with the ADF 2004.01 

density functional theory package. 9-
11 
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The calculation of model geometries was conducted using unrestricted 

calculations with the Adiabatic Local Density Approximation (ALDA) for the exchange

correlation kemel12
'
13 and the differentiated static LDA expression was used with the 

Vosko-Wilk-Nusair parameterization. 14 Gradient corrections were performed with the 

exchange and correlation functionals of Perdew and Wang (PW91).15 All basis functions 

had triple-I'.; quality and were composed of uncontracted Slater-type orbitals (STOs ), 

including frozen cores for 0 ( 1 s ), Re ( 4 f) and La ( 4d) and two auxiliary basis set of ST Os 

for polarization. Relativistic effects were modeled using ZORA. 16
-
18 

Extended Ruckel spin dimer analysis using the CAESAR computational package 

was also performed to estimate the relative strength of the different inter-dimer exchange 

interactions. 19 Double zeta Slater-type orbitals were used for Re d as well as 0 s and p 

orbitals. 

5.4 Results and Discussion 

Structural Characterization 

The crystal structure of the compound was first verified from Guinier powder 

data. The obtained pattern and lattice constants matched well with the previous single 

crystal studies8
, indicating the black powder produced was indeed La3Re20 10. This work 

represents the first published preparation of La3Re20 10 as a phase pure polycrystalline 

powder using conventional solid state methodologies. 

Larger batches of the compound were synthesized for powder neutron diffraction 

measurements. Unfortunately, these samples contained some L'1(;Re40 18 impurity that 

was not present in the smaller batch preparation. Consequently, SQUID magnetometry 
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and heat capacity measurements were performed on the pure powder material, whereas 

neutron diffraction data was collected using a combination of slightly impure powders. 

Rietveld refinement of the powder neutron diffraction data was accomplished 

using FULLPROF20, with the crystal structure values as the model for La3Re201o and the 

La6Re401 8 impurity phase included. A plot of the refinement is shown in Figure 5.1. 

The overall agreement indices for the refinement were Rp = 0.0308, Rwp = 0.0405 and x2 

= 1.34. Agreement factors for the individual phases were Rr = 0.0378 and RB= 0.0200 

for La3Re20 10 and Rr = 0.0816 and Rs = 0.0320 for L~Re4018 • The relative weight 

percent of the impurity, calculated using the method of Hill and Howard21 , was about 

13%. Although this value is slightly high, the presence of La6Re40 18 did not have a 

severe negative impact on the neutron data collected. This compound would not be 

magnetic due to the pairing of the Re electrons in metal-metal bonding.5 

The crystal structure of La3Re20 1o is shown in Figure 5.2. The basic structural 

unit is a [Re20 10]9- dimer of two edge-shared Re06 octahedra. These dimers are isolated 

from each other within the lattice by La3
+ ions. The closest dimer-dimer distance is 5.561 

A. The lattice constants and selected interdimer bond lengths are displayed in Table 5.1. 

The Re-Re bond length within the dimer is 2.488 A, which is indicative of metal

metal bonding. Comparing this distance with other halo-metal cluster systems, a bond 

order of 1.5 can be tentatively assigned.22 The average oxidation state of Re in this 

complex is+ 5.5, implying that there are three electrons in each Re dimer, and the dimers 

are magnetic (S = 112 per dimer). 
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10 94 115 

28 ( 0
) 

Figure 5.1. Rietveld refinement of the powder neutron diffraction data for La3Re2010. 
The circles are the experimental data and the line is the calculated fit. The top set of tick 
marks denote the Bragg reflections of the La3Re20 10 phase, whereas the bottom Bragg 
reflections are from the La6Re401 8 impurity. The line at the bottom of the Figure is the 
difference plot between the observed and calculated patterns. 

b) 

Figure 5.2. a) Unit cell of La3Re20 10. The atoms are designated by shade: La (green), Re 
(blue), 0 (red). The numbers correspond to the selected interdimer distances reported in 
Table 1, as well as the magnetic coupling pathways considered in the calculations. b) 
Detail of an individual [Re20 10]9

- dimer unit, illustrating the metal-metal bond (dashed 
line). 
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Table 5.1. Lattice Constants and Selected Interdimer Distances for La3Re2010. 
Space group C2/m 

a (A) 7.8952(8) 

b (A) 7.8340(8) 

c (A) 7.1244(7) 

/3(0) 115.208(4) 

[7.901(1)] 

[7.866(1)] 

[7.115(1)] 

[ 115 .44(1)] 

Intralayer (ab plane) Distances 

1-2 5.561 A 
1-3 7.834 A 
2-4 7.895 A 
Interlayer Distances* 

1-5 7.124 A 
1-8 7.598 A 
2-8 8.073 A 
Literature values are shown in square parentheses. 8 

* The interlayer distances reported represent the distance between the same Re atoms of 
two different dimers. 

Magnetic Properties 

The Zero Field Cooled /Field Cooled (ZFC/FC) magnetic susceptibility data 

collected from 2-300 Kare plotted in Figure 5.3. The two curves diverge around 150 K. 

The ZFC data shows two broad maxima centred at 105 and 55 K respectively. These 

features are indicative of short range order. Attempts were made to fit the 55 K feature to 

various models oflow dimensional magnetic correlations. Considering the compound's 

crystal structure, probable models of this order would be either I-dimensional linear 

antiferromagnetic chains23 or a 2-D antiferromagnetic square planar lattice24
. 
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Figure 5.3. Zero Field Cooled /Field Cooled (ZFC/FC) magnetic susceptibility of 
La3Re20 10• Inset. Fit of the low temperature feature in the ZFC magnetic susceptibility 
data to a 1 D linear chain model. The circles are the experimental points, and the line is 
the fit. 
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Figure 5.4. Fit of the ZFC magnetic susceptibility data from 200-300 K to the Curie
Weiss law. 
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The analytical expressions derived from these models are both based on the general form 

of the spin-spin Hamiltonian (5.2): 

H= -2JL.i<J [S/ s! + s) sj + s/ s! J 5.2 

The 2-D fit failed to converge, and hence, was discarded. The 1-D Heisenberg S 

= 1/2 antiferromagnetic linear chain model fit the data well, as seen in the inset of Figure 

5.3. The g-factor found was 1.44(11), which is slightly low, and the magnitude of the 

exchange constant, IJ/ksl was 51(1) K. A Curie-Weiss term and a temperature 

independent paramagnetism term were included in the fit to model a low temperature 

paramagnetic impurity, yielding values of C = 1.2(1)x10-3 emu·K/mol, B= 11(5) Kand 

3.1(2)xl0-4 emu/mol, respectively. 

Finally, a sharp cusp at 18 K can be found in the ZFC curve, followed by a large 

drop in the measured susceptibility, until very low temperatures when the susceptibility 

rises. This steep rise at low temperature can be attributed to a paramagnetic impurity. 

However, the 18 K feature could be indicative of the onset of long-range magnetic order. 

A fit of the ZFC susceptibility data from 200-300 K to the Curie-Weiss law (5.3) 

was performed, and is pictured in Figure 5.4. 

5.3 

The Curie constant found was 0.336(2) emu·K/mol, which is slightly below the 

calculated "spin only" value of 0.375 emu·K/mol. This could indicate delocalization of 

the lone unpaired electron within the dimer unit or contribution of an orbital moment due 

to intradimer spin-orbit coupling. The Weiss temperature was - 123(2) K, suggestive of 
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dominant anti ferromagnetic interactions. No temperature independent paramagnetic term 

was needed due to the clear linearity of the data in this temperature range. 

The temperature derivative of xT plotted against the temperature (T), the so

called "Fisher heat capacity"25, is shown in Figure 5.5. There is an anomaly present at 

lower temperature, but due to the sloping background, it is difficult to assign an exact 

value for the peak. However, it appears to be centred at about 17 K, which corroborates 

the idea from the magnetic susceptibility data that long-range magnetic order sets in 

around 18 K. 

Isothermal magnetization measurements at 10 and 30 K were collected using 

fields between 0 and 5.0 T (Figure 5.6). Neither curve approaches the expected saturation 

magnetization for a S = 1/2 compound of 1.0 µ8 . In addition, no significant hysteresis or 

remanent magnetization were observed. The 30 K data are linear, indicating 

paramagnetism, however, the 10 K data are significantly curved. This is consistent with 

the presence of an antiferromagnetic state at low temperatures with the field-induced 

curvature due to a spin flop transition. 

Heat Capacity 

The heat capacity of La3Re201o measured from 5-24 K with no applied field is 

pictured in Figure 5. 7. A distinct anomaly appears at approximately 18 K, indicative of 

long-range magnetic order, consistent with the susceptibility results. Application of a 9.0 

T field had little effect, demonstrating the robustness of this magnetic feature. 

Unfortunately, a lattice match could not be synthesized. 
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Figure 5.5. Fisher heat capacity of La3Re20 10• The peak of the lambda-like anomaly is 
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Figure 5.6. Isothermal magnetization curves for La3Re20 1o collected below (10 K, 
squares) and above (30 K, circles) the critical temperature, Tc. 
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However, fitting both the low temperature and higher temperature data (well below and 

above the anomaly) to the expression: 

C=yT + PT3 5.4 

leads to an estimation of the lattice contribution to the specific heat. Subtracting this 

function from the heat capacity data results in a more defined A.-like peak at 18 K (inset 

Figure 5.7). 

The entropy associated with this magnetic transition can also be calculated from 

the heat capacity data. Integration of the area under the curve results in an estimation of 

the entropy loss according 

to: 
5.5 

from which t:,.S = 0.12 J/K mol. The entropy loss expected for a magnetic transition is 

equal to Rln(2S+ 1), and for La3Re20 10, this would be 5.76 J/K mol. Although the 

measured magnetic entropy loss is only~ 2% of the total entropy, this is not 

unreasonable, given the importance of short-range correlations present at much higher 

temperatures which would eliminate much of this entropy before the transition to long

range order. 

Neutron Diffraction 

The low angle part of the neutron powder patterns obtained at 4 K and 285 K, as 

well as a difference plot is shown in Figure 5.8. Despite over 60 hours of data collection 

at low temperature, no magnetic reflections were observed. La3Re20 10 is, of course, a 
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very dilute magnetic system (the one unpaired electron is extensively de localized over 15 

atoms) and it may be impossible to detect the ordered moment using unpolarized 

neutrons. An alternative explanation is that the compound does not exhibit long-range 

magnetic order. However, the Fisher heat capacity (Figure 5.5), the field dependence of 

the magnetization (Figure 5.6) and the thermal heat capacity (Figure 5.7) all indicate long 

range antiferromagnetic magnetic order below 18 K. It seems far more likely that the 

former explanation is correct. 

Computational Modeling 

DFT computational modeling was undertaken to investigate the electronic 

structure of the isolated, paramagnetic dimer, especially the distribution of the electron 

density. As well, an attempt was made to determine the relative strengths of selected 

interdimer interactions using OFT and EHTB. As a first approximation, the electronic 

structure of the isolated dimer cluster was mimicked using the model compound 

Re2010Hs- (C2h). Only the positions of the capping hydrogen atoms were optimized. The 

metal ions are formally in oxidation states +5 and +6. There are 3 electrons available for 

metal-metal bonding- two occupy a cr bonding orbital (ag) and the unpaired electron is 

located in a 1t bonding orbital (au). Both orbitals are shown in Figure 5.9 a. 

From the composition of the SOMO or the map of spin density (Figure 5. 9 b ), it is 

clear that there is significant delocalization of spin over the oxygen atoms, in particular 

those bridging the rhenium metal ions. This suggests that the lanthanum ions bonded to 

the bridging oxygens are likely to enable inter-dimer spin coupling. 
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Figure 5. 7. Heat capacity of La3Re20 10, measured in the absence of a magnetic field. 
Inset. Heat capacity after subtraction of the lattice contribution. Note the lambda-like 
anomaly at 18 K. 
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Figure 5.8. Comparison of the powder neutron diffraction patterns of La3Re20 10 taken 
below ( 4 K) and above (285 K) the critical temperature, Tc, as well as a difference plot 
(lower line). 
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Figure 5.9. a) Re-Re bonding orbitals of Re20 1oH8- as calculated using DFT. The picture 
on the left depicts the SOM0-1 or a-bonding orbital, whereas the one on the right is the 
SOMO or rt-bonding orbital (which is only half-filled). Legend of colours: Re (blue), 0 
(red), H (white), orbital lobes (green, yellow). 
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Figure 5.9. b) Spin density for Re20 10H8- mapped over the total density isosurface 
plotted at 0.05. 
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The bimetallic clusters are organized in layers within the ab plane, according to 

the crystal structure of La3Re2010 (Figure 5.2). Within each layer, three different 

coupling pathways are possible: 1-2, 1-3, and 2-4, with respect to the labeling system 

depicted in Figure 5.2. These, as well as additional interlayer interaction pathways, were 

examined using DFT with small molecular models that included two dimers at a time. 

The relative strength of the interaction between unpaired electrons is quantified by the 

magnitude of the spin-spin coupling constants, but their accurate calculation is only 

possible with highly-correlated methods. Instead, the energy gap between the singlet and 

the triplet states can be used to estimate the coupling constants; the limitations of this 

approach and the accuracy of DFT methods have been examined before.26
-
30 

In all of these calculations, the triplet states were consistently below the energy of 

the singlets. This would imply that the magnetic interaction between two dimers should 

be ferromagnetic. However, there is no experimental evidence for ferromagnetism. The 

observed magnetic behaviour must be a consequence of extended interactions throughout 

the lattice that cannot be accounted for with this approach. Instead, extended Hi..ickel, 

spin dimer analysis31 was employed to assess the relative magnitude of the spin 

interactions. In this method, the inter site hopping energy, tie, is calculated by comparing 

the energy gap between the highest occupied state and the lowest unoccupied state. 

Assuming that J ---(~e)21U, where U is the Coulomb integral (and can be considered as 

constant for a given magnetic ion), the relative magnitude of the various magnetic 

exchange coupling constants, J, can be determined. Each [Re20 10]9- dimer is comprised 

of one half-filled electronic state. Accordingly, the exchange interactions between two of 
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these dimers, in various directions were investigated and the relative exchange energies 

are summarized in Table 5.2. 

Table 5.2. (1!!,.e)2 for Some Magnetic Exchange Pathways (Intralayer and Interlayer) 
Between Various Dimers Calculated using the Spin Dimer Model. 

Intralayer Pathways 

(l!!,.e)7 Relative Relative 
(meV)2 (overall) 

1-2 68.3 1 0.12 

1-3 2.78 0.041 0.0050 

2-4 0.125 0.002 0.00022 

Interlayer Pathways 

(1!!,.e)2 
(meV)2 

Relative 

1-5 11.27 0.020 0.020 

1-8 569.6 1 1 

2-8 26.8 0.047 0.047 

Within the ab plane, the 1-2 interaction is the strongest and the others are much 

weaker. This intralayer pathway is also the shortest. However, the strongest overall 

inter-dimer coupling, relative to all of the pathways examined, is the 1-8 dimer-dimer 

interaction. Surprisingly, this is an interlayer interaction, and is also not the shortest Re-

Re inter-dimer contact (see Table 5.1). Dimer coupling between 1 and 8 would extend 

along the (1 1 2) direction, and lead to short-range magnetic order consisting of 1-D 

antiferromagnetically coupled dimer chains. This finding is consistent with the fits to the 

broad feature at 55 Kin the SQUID magnetometry data. The 1-2 interaction is weaker 

(about 1110 the strength of the 1-8 pathway), however, c_oupling of the chains in the (1 1 
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0) direction is still highly probable. This could lead to the long-range magnetic order 

evident from SQUID magnetometry and heat capacity data. 

5.5 Conclusions 

The synthesis of La3Re20 10 by solid state reaction was successfully carried out for 

the first time, yielding a pure phase black powder. Its magnetic properties were 

subsequently studied, revealing some interesting, unusual and unexpected results. 

Despite a distance of over 5 A between isolated S = 112, [Re2010]9- dimer units, 

evidence for both short and long range magnetic order at relatively high temperatures is 

clear from both SQUID magnetometry and heat capacity measurements. The short-range 

order appears to consist of 1-D linear chains of antiferromagnetically coupled dimers. 

This conclusion was reached by experimental fits to the magnetic susceptibility data and 

extended Hiickel spin dimer calculations. These chains would most likely extend 

diagonally across the unit cell in the ( 1 1 2) direction, as this is the configuration with the 

largest coupling predicted by the calculations. 

Long-range magnetic ordering, however, is quite unexpected and unusual. Both 

the cusp in the magnetic susceptibility data and the lambda-like anomaly in the heat 

capacity measurements unambiguously confirm this long-range order and assign Tc = 18 

K. However, the magnetic structure of La3Re20 10 remains elusive. Unpolarized powder 

neutron diffraction data at 4 and 285 K showed no discemable difference, which is 

attributed to the very dilute and delocalized nature of the spin density in this material. 

Thus, the nature of the long-range order cannot be determined from the existing neutron 

data. 
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It is worth noting that the magnetic properties revealed in this investigation do not 

agree with the preliminary magnetic susceptibility measurements reported previously8
, 

which found an unusually high effective magnetic moment of about 6 µ8 at room 

temperature. Using the Curie constant from the fit to the high temperature magnetic 

susceptibility data collected in this research, an effective moment of 1.25(1) µB can be 

calculated. This value is much closer to the calculated spin-only effective moment for a 

spin 112 system of 1.73 µB. 

In conclusion, La3Re20 10 is an interesting magnetic oxide, given that the unpaired 

electron is extensively delocalized over the [Re20 10]
9

- dimeric unit. In spite of long 

interdimer distances, short-range antiferromagnetic correlations are evident below 200 K 

and long range antiferromagnetic order sets in below 18 K. 
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measurements, Dr. Maggie Austen for useful discussions of the bonding in the Re20 10 

dimer and NSERC for a doctoral Post-Graduate Scholarship. JEG thanks NSERC for 
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Chapter 6 

Synthesis, Structure and Magnetic Properties of the Double Perovskite, 

SrLaRuNi06 

This chapter describes the experimental synthesis, structural characterization and 

magnetic properties of the compound, SrLaRuNi06, which was performed by the 

candidate. 
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6.1 Abstract 

The magnetic properties of the title compound, SrLaRuNi06, were studied. 

Verification of previous structural studies confirmed ordering between the two magnetic 

B-site cations, Ru5+ and Ni2+. Bulk magnetic susceptibility measurements were hampered 

by the presence of small levels of ferromagnetic SrRu03. However, variable temperature 

powder neutron diffraction measurements confirmed SrLaRuNi06 antiferromagnetically 

orders below 84 K, which can be described by a (112 0 112) magnetic ordering vector. 

However, because of orthorhombic pseudosymmetry and a high degree of correlation 

between the two different magnetic moments, the ordered magnetic structure could not be 

unambiguously determined. 

6.2 Introduction 

Perovskites are a very important structure type, as many fascinating physical 

phenomena such as superconductivity and colossal magnetoresistance can be found for 

various chemical compositions. 1
-
4 The general formula is AB03. The B site cations 

(typically transition metals) form a three-dimensional network of comer-shared B06 

octahedra that is extremely robust and amenable to substitution with many different 

elements. The larger A site ions (such as lanthanides, or alkaline earth metals) reside on 

12 co-ordinate sites for cubic Pm-3m symmetry. 

Double perovksites, A2BB'06, involve substitution of two different metal ions on 

the B site. If the cations are sufficiently different in charge and size, they can order and 

each forms a face-centred cubic lattice.5 This arrangement is known as 1: 1 B-site 
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ordering. Each B-site octahedra shares all of its comers with B' ions and vice versa. 

Ordering of the B-site cations plays a crucial role in the overall magnetic properties of 

the compounds.6
-
8 Substitution of the A site is also possible to manipulate the oxidation 

states of the B-site transition metals. 9 

Ruthenium-based double perovskites are quite prevalent, involving many 

different elements such as main group metals, first row transition metals and lanthanides, 

for example. 10
'
11 Depending on the A site ions used (typically, either an alkaline earth 

metal such as Ca2
+, Sr2+ or Ba2+, or a non-magnetic trivalent ion such as La3+), the 

oxidation state of ruthenium is usually four (IV) or five (V). However, one clear trend 

has emerged. If the B-site cations are 1: 1 ordered, long-range magnetic order is possible, 

whereas for a disordered arrangement, spin glassy behaviour is typically observed. 6-
8 

Some ruthenium-nickel double perovskite systems have already been synthesized 

and their magnetic properties studied. Structurally, La2RuNi06 crystallizes with B-site 

ordering between the Ru4
+ and Ni2

+ cations. Magnetically, it orders antiferromagnetically 

between 20 to 30 K. 12·13 There is some controversy in the literature about the ordering of 

the B-site cations, which appears to depend on sample preparation. 10 Similarly, 

BaLaRuNi06 may or may not contain B-site ordering. One group reported ordering 

between the Ru5
+ and Ni2+ ions, and also reported antiferromagnetic long-range order in 

the range of 20-40 K. However, 99Ru Mossbauer spectroscopy did not indicate magnetic 

order down to 4.2 K. 14 Another group refined the crystal structure of BaLaRuNi06 with 

a random B-site distribution from powder neutron diffraction data. A maximum in the 

susceptibility at~ 20 K was also observed, however there were no new Bragg reflections 
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in the low-temperature powder neutron diffraction pattern. Based on this observation, 

and the lack of magnetic order reported from the Mossbauer study, these researchers 

concluded that BaLaRuNi06 is a spin glass, with a glass transition temperature at about 

20 K.6 

SrLaRuNi06 has been synthesized previously, however, its magnetic properties 

were not studied. 15 The synchrotron crystal structure study concluded that SrLaRuNi06 

has an ordered B-site cation arrangement at room temperature, and this remains even in 

the high temperature (> 670 K) rhombohedral structure. 

This work represents the first magnetic characterization of SrLaRuNi06 using 

SQUID magnetometry and variable temperature powder neutron diffraction. 

6.3 Experimental 

Synthesis 

The compound SrLaRuNi06 has been synthesized previously 15 and was prepared 

in an analogous way by solid state reaction, according to the following equation: 

2 SrC03 + La20 3 + 2 Ru02 + 2 NiO air(o2 ) > 2 SrLaRuNi06 (+ 2 C02) 6.1 

Stoichiometric amounts of the starting reagents, SrC03, La20 3 (99.9%, Aldrich), Ru02 

(99.9%, CERAC) and NiO (99.995%, CERAC), were accurately weighed, ground 

together, and pressed into a pellet. La20 3 was fired at 900°C overnight before use. The 

sample pellet was placed in a platinum foil-lined alumina boat, which was slowly heated 

to 1200°C, in an analogous way to the previous synthesis, in a tube furnace and held for 
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60 hours. The reaction product was reground and retired up to 1200 °C to ensure 

complete reaction. 

X-ray and Neutron Diffraction 

X-ray diffraction data to monitor sample purity were collected using a Guinier

Hagg camera with CuKa 1 radiation (A.= 1.5406 A) and high-purity silicon powder as an 

internal reference. The reflections were recorded on photographic film and converted to 

digital form using the KEJ LS20 line scanner. 

Variable temperature powder neutron diffraction measurements were performed 

on the C2 diffractometer at the Canadian Neutron Beam Centre at Chalk River. The 

crystal structure data (285 K) were collected at a wavelength of 1.32917 A in the angular 

range of 12°::; 28::; 113° with 0.1° steps. Similarly, the magnetic structure data (4 Kand 

above) were measured at a longer wavelength of 2.36957 A in the range 5°::; 28 ::; 85° 

with 0.1° intervals. 

Magnetic Data 

Magnetic measurements were collected using the Quantum Design SQUID 

magnetometer. Zero field cooled and field cooled (ZFC/FC) magnetic susceptibility data 

from 5 - 300 Kand isothermal magnetization measurements from 0 - 5.0 T were 

recorded on powder samples encased in gelatin capsules. High temperature 

measurements (300 - 500 K) were collected using an oven insert and quartz sample 

holders. The inherent diamagnetism was corrected for using Pascal's constants for the 

appropriate ions (using a value of 18 x 10--6 emu/mol for Ru5+). 16 
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6.4 Results and Discussion 

Structural Characterization 

The structure of the title compound was first verified by powder X-ray diffraction 

(Guinier camera). Along with the major phase, a few small reflections were found and 

identified as NiO, La2Ni04 and possibly, SrRu03. Repeated regrinding and retiring 

reduced the impurities slightly, but a pure-phase sample was not obtained. 

Rietveld refinement of room temperature powder neutron diffraction data 

provided further structural verification. There was some debate in the literature about 

whether or not the Ru5
+ and Ni2

+ were site-ordered. 15 In the site-ordered structure, the 

alternating arrangement of B and B' ions would destroy one glide and one mirror plane, 

lowering the symmetry from Pbnm (random distribution) to P2 1/n (ordered). In addition, 

since the differently sized ions would not be randomly distributed, the octahedral tilt 

angles could change from an average value and monoclinic symmetry would result. For 

SrLaRuNi06, the significant charge and size difference between the two B-site ions 

(0.705 A for Ru5+ versus 0.83 A for Ni2+) 17 leads to a better refinement in P2iln (site

ordering) than in Pbnm (random distribution). The reported agreement indices for the 

two models were: Rp = 0.095, Rwp = 0.106, x2 
= 4.95 for P2 1/n and Rp = 0.104, Rwp = 

0.117, x2 = 5.99 for Pbnm, respectively. 15 Subsequently, the neutron data were refined in 

P2 1/n. The crystal structure and refinement results appear in Table 6.1 and atomic 

parameters in Table 6.2, with comparison to the literature values. It is worth noting that 

the fl angle is 90° within the error of the measurement, implying pseudo-orthorhombic 

symmetry for this structure. 
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Table 6.1. Lattice Constants and Refinement Agreement Indices for SrLaRuNi06. 

Space group P21ln 
a (A) 5.5846(4) 

b (A) 5.5538(2) 

c(A) 7.8699(1) 

/J(o) 90.06(6) 

Refinement Agreement 

Rp 0.0542 

Rwp 0.0781 

x2 9.29 

[5.5759(1)] 

[5.5422(1)] 

[7.8490(1)] 

[90.00(1)] 

Rs (SrLaRuNi06) 

Rs (La2Ni04) 

Rs (NiO) 

Rs (SrRu03) 

Literature values are shown in square parentheses. 15 

Table 6.2. Atomic Parameters for SrLaRuNi06. 

Atom x y 
Sr/La 0.005(3) [0.0026(4)] 0.021(1) [0.0206(1)] 

Ni/Ru (1) 0.50000 [0.50000] 0.00000 [0.00000] 

Ru/Ni (2) 0.50000 [0.50000] 0.00000 [0.00000] 

01 0.276(6) [0.289(2)] 0.267(5) [0.276(2)] 

02 0.221(6) [0.234(2)] -0.212(5) [-0.223(2)] 

03 -0.060(3) [-0.063(2)] 0.496(2) [0.495(1)] 

Literature values are shown in square parentheses. 

0.0641 

0.217 

0.113 

0.171 

z 
0.251( 4) [0.2497(2)] 

0.50000 [0.50000] 

0.00000 [0.00000] 

0.027(3) [0.037(3)] 

0.035(3) [0.026(3)] 

0.254(8) [0.255(2)] 

The side products were also accounted for in the refinement, and were quantified 

using the method of Hill and Howard. 18 The weight percentages ofNiO, La2Ni04 and 

SrRu03 were determined as 2.8 %, 8.6 % and 4.5 %, respectively. Unfortunately, 

although the amount of impurities is relatively small, they could have a pronounced effect 

on the magnetic properties measured. Nickel(II) oxide is a f.c.c. Type II antiferromagnet 

that orders above room temperature (Tc= 523 K). 19 Similarly, La2Ni04 is also an 

antiferromagnet with a high ordering temperature (Tc= 325 K). 13 Since both of these 
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antiferromagnetic phase transitions occur above room temperature, they would not 

interfere with the detection of magnetic transitions below 300 K. However, excess 

oxygen is often found in La2Ni04, which lowers the Tc and superconductivity has been 

observed for the oxygen-rich compound. 12 In addition, there are two structural phase 

transitions reported for La2Ni04. At 770 K, it transforms from tetragonal (14/mmm) to 

orthorhombic (Bmab) and at 80 K, from orthorhombic to tetragonal (P42/ncm ). A weak 

ferromagnetic component also appears below this second phase transition, which could 

be an interference. 12 Finally, SrRu03 is a metallic ferromagnet with a Tc of 165 K.20 

This could be the most problematic, as its contribution to bulk magnetic measurements 

could mask the signal due to SrLaRuNi06• 

Magnetic Properties 

The magnetic properties of SrLaRuNi06 have not been previously reported, and 

hence, an extensive set of magnetic data was collected and analyzed. Zero field 

cooled/field cooled (ZFC/FC) magnetic susceptibility data were taken from 5 to 300 K, 

and are pictured in Figure 6.1. The two data sets diverge at 158 K, a slightly higher 

temperature than the relatively sharp feature at 152 K. The ZFC curve continues to rise 

due to a broad feature centred at about 35 K. Similarly, the FC data also rise, with a 

slight shoulder at about 35 K, before levelling off at low temperature. The peak at 152 K 

may indicate long-range antiferromagnetic order in SrLaRuNi06, however, this is also 

near the critical temperature reported for one of the suspected impurities, ferromagnetic 

SrRu03. 
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High temperature magnetic susceptibility data from 300-600 were collected, and 

fit to the Curie-Weiss law (equation 6.2) (inset Figure 6. 1 ): 

c 
x=T-B 6.2 

The values found for the Curie constant and Weiss constant were 2.76(1) emu K/mol and 

-10(2) K, respectively. The Curie constant is slightly lower than the expected spin-only 

value for Ru5
+ (S = 3/2: C = 1.875 emu K/mol) and Ni2

+ (S = 1: C = 1.000 emu K/mol) of 

2.875 emu K/mol. The negative Weiss constant indicates antiferromagnetic behaviour. 

Again, both of these values could be affected by the presence of slight impurities. 

The product of susceptibility (X) and temperature (T) versus temperature appears 

in Figure 6.2. At higher temperatures, the data lie below the line denoting the spin-only 

Curie constant, indicating antiferromagnetic interactions. However, the plot rises to a 

sharp peak above the line at 152 K. This indicates some ferromagnetic behaviour, and is 

rather strange, given the peak itself is a sign of antiferromagnetism. Again this could be 

due to an impurity, and may not reflect the magnetism of the phase of interest, 

SrLaRuNi06. As the temperature decreases, the data continue to slowly rise, until a 

rather sharp drop at about 85 K that continues below the Curie constant line. This could 

indicate antiferromagnetic ordering in the sample, which could be due to SrLaRuNi06. It 

did not appear in the magnetic susceptibility graph perhaps due to the presence of 

impurity phases that dominated the signal. The derivative of xT with respect to T versus 

temperature graph or the so-called "Fisher heat capacity"21 is plotted in the inset of 

Figure 6.2. Again, a prominent lambda-like anomaly centred at 148 K is clear, which is 

most likely due to the presence of SrRu03. Unfortunately, no other features are visible. 
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Figure 6.1. ZFC/FC magnetic susceptibility of SrLaRuNi06. Inset - Inverse susceptibility 
plot for SrLaRuNi06. The line is the fit to the Curie-Weiss Law. 
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Magnetization data, sweeping the field from 0 to 5.0 T and back, at temperatures 

of 5, 50, 140, 160 and 250 K were collected, as seen in Figure 6.3. At low temperatures 

(5 and 50 K), there is some small hysteresis, but virtually no remenant magnetization. At 

higher temperatures ( 140, 160 and 250 K), the plots are clearly linear, indicating 

paramagnetic behaviour. This seems to indicate that a change in magnetic order occurs 

between 50 and 140 K, not at 152 K, as much of the previous magnetic data appears to 

imply. 

Variable temperature powder neutron diffraction measurements were performed 

to elucidate the ordered magnetic structure of SrLaRuNi06. Figure 6.4 displays a plot of 

low angle data at various temperatures, clearly indicating the presence of new magnetic 

reflections. These reflections could be indexed on a new unit cell with ordering vector, k 

= (1/2 0 1/2). This magnetic structure has been seen in double perovskite compounds 

before.22
-
24 Attfield and coworkers performed powder neutron diffraction experiments on 

the double perovskite, SrLaRuCo06, with the same monoclinic P2 1/n symmetry, and (1/2 

0 112) propagation vector for the magnetic unit cell.22 In this study, the authors found 

equally good fits to the data from four different spin representations. Since the 

monoclinic cell distortion is so small, (h kl) and (h k-l) magnetic reflections are not well 

resolved, and the four models are indistinguishable from the data. In addition, 

refinements with all spin only at Co, all spin only on Ru or some intermediate 

combination gave equally acceptable fits to the experimental data. This reinforces the 

fact that there is a high degree of correlation between the two magnetic ions. 
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Figure 6.3 . Magnetization curves recorded for SrLaRuNi06 at 5 K (black squares), 50 K 
(red circles), 140 K (green triangles), 160 K (blue inverted triangles) and 250 K (purple 
left arrowhead). 
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Figure 6.4. Powder neutron diffraction data for SrLaRuNi06 at 4 K (blue circles), 54 K 
(green inverted triangles), 80 K (pink triangles) and 283 K (black squares). The labelled 
peaks are the new magnetic Bragg reflections, indexed as indicated. 
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Unfortunately, due to the pseudo-orthorhombic symmetry of the SrLaRuNi06 unit cell, as 

well as the high degree of correlation between the two different magnetic moments, a 

unique solution is not possible in this case either. However, the temperature dependence 

of the new reflections was interesting (Figure 6.5). The intensity of the reflections 

disappeared at 84 K, signalling the critical temperature of SrLaRuNi06. What is 

interesting from this magnetic study is that the bulk magnetic data was completely 

overshadowed by the behaviour of SrRu03 and required a neutron diffraction experiment 

to demonstrate bulk antiferromagnetic order and determine the critical temperature for 

this order. 

6.5 Conclusions 

The compound, SrLaRuNi06 was synthesized, as well as structurally and 

magnetically characterized. Room temperature powder neutron diffraction confirmed B

site ordering of the Ru5
+ and Ni2

+ ions. Unfortunately, the presence of a small amount of 

ferromagnetic SrRu03 masked the bulk magnetic properties of SrLaRuNi06. Despite 

this, variable temperature powder neutron diffraction data found that SrLaRuNi06 

exhibits long-range antiferromagnetic order below 84 K. New Bragg reflections could be 

indexed to a magnetic unit cell with ordering vector (1/2 0 112). However, due to pseudo

orthorhombic symmetry of the unit cell and a high degree of correlation between the Ru5
+ 

and Ni2
+ magnetic moments, a unique structure could not be determined. 

This chapter highlights the importance of neutron diffraction experiments in the 

investigation of magnetic properties. Often, magnetic susceptibility or magnetization 
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measurements are highly influenced by the presence of ferromagnetic compounds, even 

in minute quantities relative to the bulk of the sample. Accounting for and quantifying 

these contributions is often difficult. Variable temperature powder neutron diffraction 

measurements were critical in this study, not only in determining the nature of the long-

range order, but the critical temperature for this order as well. 
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Chapter 7 

Magnetic Studies of the Ordered Rocksalt Oxides, Na2Cu2 Te06 and 

Na3Cu2Sb06 

This chapter summarizes the candidate's contributions to the manuscripts 

"Synthesis, Structure and Magnetic Properties of the Layered Copper(II) Oxide, 

Na2Cu2 Te06", published in the journal Inorganic Chemistry (lnorg. Chem. 2005, 44, 

5042-5046) and "Electronic Structures and Low-Dimensional Magnetic Properties of the 

Ordered Rocksalt Oxides Na2Cu2Te06 and Na3Cu2Sb06", published in Physical Review 

B (Phys. Rev. 2007, B76, 104403). As part of a scientific collaboration, the candidate 

measured the magnetic properties ofNa2Cu2Te06, analyzed the data and wrote the 

magnetic discussion for the Inorg. Chem. manuscript. For the Phys. Rev. journal article, 

the candidate entered into many detailed discussions of the magnetism with the 

corresponding author, as well as assisting with magnetic data collection, analysis and 

manuscript preparation. 

Reproduced with permission from Xu, J.; Assoud, A.; Soheilnia, N.; Derakhshan, S.; 

Cuthbert, H. L.; Greedan, J.E.; Whangbo, M. H.; Kleinke, H. lnorg. Chem. 2005, 44, 

5042-5046. Copyright 2005 American Chemical Society. 

Reproduced with permission from Derakhshan, S.; Cuthbert, H. L.; Greedan, J.E.; 

Rahaman, B.; Saha-Dasgupta, T. Phys. Rev. 2007, B76, 104403(1-7). Copyright 2007 by 

the American Physics Society. 
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7.1 Abstract 

A new quaternary layered transition-metal oxide, Na2Cu2 Te06, was synthesized 

by the Kleinke group at the University of Waterloo. 1 The structure is composed of 

~ [Cu2Te06] layers with the Na atoms located in the octahedral voids between the layers. 

Alternatively, it can be described as an ordered rocksalt oxide with one vacancy. The 

magnetic susceptibility shows Curie-Weiss behavior between 300 and 600 K with an 

effective moment of 1.85(2) f.JB per Cu2+ ion and a Weiss constant, 9c, of -87(6) K. A 

broad maximum at 160 K is interpreted as short-range one-dimensional antiferromagnetic 

(AF) correlations. This short-range order was analyzed in terms of an alternating chain 

model, with the surprising result that the stronger intrachain coupling involves a super

superexchange pathway with a Cu-Cu separation of >5 A. The J2/J1 ratio within the 

alternating chain refined to 0.10(1), and the spin gap is estimated to be 127 K. 

The analogous compound, Na3Cu2Sb06, was synthesized at McMaster University 

in the Greedan lab and its magnetic properties investigated.2 Again, a broad peak in the 

magnetic susceptibility data (in this case, near 92 K) indicated dominant short-range, 

low-dimensional AF behaviour. The data fit very well to an AF-AF alternating linear 

chain model with J1/k = - 79 K and J2/J1 = 0.39. High temperature data (> 300 K) 

exhibited Curie-Weiss behaviour with 9c = -55(2) K. Recently, another group 

investigated both of these compounds and reported that an AF-ferromagnetic (F) linear 

chain model gives equally good agreement to the low temperature data and included 

analysis of heat capacity data that also supported the AF-F model.3 However, Derakhshan 

et. al. demonstrated that the Weiss constants derived from the high temperature 
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experimental susceptibility data are consistent with the Jvalues obtained from the AF-AF 

model, and not the AF-F model. 

7 .2 Introduction 

Ternary and quaternary compounds involving cuprates have been heavily 

investigated, as the Cu02 layers are responsible for the high-Tc superconductivity 

observed in compounds such as YBa2Cu30 7 and related materials.4
'
5 In contrast, the 

quaternary cuprate-tellurates and cuprate-antimonates have been relatively unexplored. 

The synthesis ofNa2Cu2Te06 represents the first compound of this structure type for 

cuprate-tellurates, as Na3Cu2Sb06 is for the cuprate-antimonates. Figure 7.1 shows the 

Na3Cu2Sb06 structure, which can be considered as an ordered rocksalt oxide. It basically 

consists of layers of edge-shared Cu06 and Sb06 octahedra, separated by Na+ ions in 

octahedral voids. One Na+ site is vacant in Na2Cu2 Te06. The magnetic Cu2+ ions lie in 

planes of composition Cu2Te06
2
- or Cu2Sb0/-, and due to site ordering with the Te6+ or 

Sb5+, form a slightly distorted honeycomb lattice topology. 

Magnetic oxides with an ordered rocksalt structure often exhibit low-dimensional 

behaviour due to either the topology of the cation ordering or to orbital ordering, 

especially with Jahn-Teller active ions. The distorted honeycomb magnetic lattice of 

copper ions is expected to exhibit strong magnetic fluctuations, characteristic of low

dimensional spin systems, due to the low co-ordination of the coppers. In addition, d9 
-

Cu(II) centres are classic Jahn-Teller ions, resulting in a [ 4 + 2] coordination of the 
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copper ions. Consequently, the magnetic ordering of these compounds should be 

strongly affected by both this cation and orbital ordering. 

Upon closer examination, there are five distinctive magnetic exchange pathways 

within the distorted honeycomb lattice of copper ions (Figure 7 .2). Two such pathways 

(J4 and J5) are relatively long and involve fully occupied dz2 orbitals, and as such, their 

contribution to the overall magnetism of the compound is negligible. The three most 

significant nearest-neighbour interactions are Ji, J2 and J3. Depending the on the signs 

and relative magnitudes of these exchanges, 0, 1 or 2 dimensional magnetism may be 

possible (Table 7 .1 ). 

Table 7 .1. Possible Dimensionalities of the Cu2
+ Spin Correlations. 

Relative Interaction Magnitudes 

J2 :::::::J3 >> ]; 

J1 =h >> J.3 
Ji> J1 >> h 
h >>h:::::::J3 

Magnetic Model 

2D honeycomb 

lD chain 

1 D alternating chain 

OD dimer 

Experimental magnetic susceptibility of the two compounds suggests a dominant dimeric 

or zero-dimensional interaction. Calculations confirm that J1 is the strongest exchange 

pathway, relative to Ji or J3• Closer inspection indicates that a one-dimensional linear 

chain model provides a somewhat better fit. 1 
'
2 However, there does exist some 

controversy regarding the sign of the second-neighbour interaction, Ji. 
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a) 

Na 

b) 

Figure 7.1. Edge-sharing octahedra in Na3Cu2Sb06, viewed along a) the a direction and 
b) the c direction. Na2Cu2 Te06 would have one Na vacancy and Te in place of Sb. 
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0 . 
Sb 9 

Figure 7.2. Schematic representation of the possible Cu-Cu interaction pathways in the 
ab plane ofNa3Cu2Sb06. The tellurate, Na2Cu2 Te06' would look identical in this plane. 
The thick solid lines denote the shortest Cu-Cu contacts, the thin solid lines show Cu-0 
and Sb-0 connectivity, and the dashed lines represent the shortest interchain Cu-Cu 
distance. The three magnetic interaction pathways, labelled J 1, J2 and J3 are designated 
by double-sided arrows. 
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One group fit the low temperature magnetic susceptibility data forNa2Cu2Te06 to an AF

AF alternating linear chain model, with J2/J1 = 0 .10( I). l A second group reinvestigated 

the magnetic properties and pointed out that distinguishing between an AF-AF and an 

AF-F model is very difficult, based only on the fit quality. In fact, the AF-F model does 

indeed provide an excellent fit, albeit with very different values for the fitting parameters 

(i.e. Ji!Jz -- --0.80, for both Na2Cu2 Te06 and Na3Cu2Sb06). In addition, their fits to low

temperature heat capacity data appear to support the AF-F model. 3 

In an attempt to resolve this controversy, further calculations of the various 

exchange pathways was undertaken as well as a deeper analysis of the experimental 

magnetic data. The observed Weiss constants, derived from Curie-Weiss fits to high

temperature susceptibility data, were compared to the values predicted using the J's 

obtained from the various fits to the low-temperature data.2 

7 .3 Experimental 

Magnetic Measurements 

Variable-temperature magnetic susceptibility data for Na2Cu2Te06 and 

Na3Cu2Sb06 were collected using a Quantum Design MPMS SQUID magnetometer. 

Zero-field cooled (ZFC) and field cooled (FC) data were obtained over the temperature 

range of 5-300 K at an applied field of 750 Oe (Na2Cu2 Te06) and from 2-300 Kat 1000 

Oe (Na3Cu2Sb06). High temperature (300-600 K) susceptibility data were collected 

using an oven insert at 17500 Oe (Na2Cu2Te06) and 1000 Oe (Na3Cu2Sb06). 
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7.4 Magnetic Results and Discussion 

Na2Cu2Te06 

Examination of the high temperature magnetic susceptibility data of Na2Cu2 Te06 

from 400 to 600 K (Figure 7.3) shows adherence to the Curie-Weiss law with a 

temperature independent (Pauli) paramagnetic term (XnP ): x = Cl(T- 0) + XTIP· The 

fitting parameters found are XTIP = 4.0(3) x 10--4 emu/mol, the Curie constant, C = 

0.855(8) emu·K/mol and the Weiss constant, e = -87(6) K. The Curie constant is 

consistent with a 'spin-only' effective magnetic moment, µcff, of 1.85(2) µB per Cu2
+ (S = 

1/2). This gives a Lande g-factor of 2.14(1) for this compound, which is within the range 

expected for Cu2
+. 

The zero-field cooled (ZFC) magnetic susceptibility from 5 to 600 Kand field 

cooled (FC) susceptibility from 5-300 K ofNa2Cu2Te06 are shown in Figure 7.4. There 

is very little difference between the two curves, so for the purposes of discussion, the 

ZFC curve will be considered. At low temperatures (5-35 K), the curve shows a sharp 

increase in susceptibility that can be attributed to a paramagnetic impurity. The main 

feature of the curve is a broad maximum in the susceptibility, which is centered near 160 

K. This is indicative of short range antiferromagnetic (AF) order in Na2Cu2 Te06. 
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Figure 7.3. High temperature inverse magnetic susceptibility ofNa2Cu2Te06. The fit to 
the Curie-Weiss law is the red line. 
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Figure 7.4. ZFC magnetic susceptibility (from 5 to 600 K) and FC susceptibility (from 5 
to 300 K) ofNa2Cu2Te06. 
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The Cu2
+ ions lie in the ab plane (Figure 7.2). Also indicated on this Figure are 

three interaction pathways to consider. Two of these involve a linear chain along the b-

axis, J1and Jz, and one interchain pathway, J 3• Ji involves a super-superexchange 

pathway, Cu-O-Te-0-Cu, with a Cu-Cu distance of 5.817 A and a Cu-0 ... 0 angle of 

approximately 139°. Ji corresponds to a Cu-0-Cu linkage with a considerably shorter 

Cu-Cu distance of 2.858 A and a Cu-0-Cu angle of 91.3°. Finally, J3 also involves a 

Cu-0-Cu pathway with Cu-Cu= 3.214 A and a Cu-0-Cu angle of nearly exactly 90°. 

The spatial dimensionality of the short range order depends on the relative 

magnitudes of the three exchange constants (Table 7.1). To aid in determining these, the 

method of magnetic dimer analysis was applied.6 Here, the extended Ruckel model is 

used to calculate the interaction between the magnetic orbitals, (~e), and the exchange 

constants are estimated from the expression, J ~ -(~e)2/Ueff· As Uerr is constant for a 

given magnetic ion, the trend in ~e is a semiquantitative representation of the trend in J. 

The magnetic orbitals are taken as the d / _ y 
2 orbitals of Cu2

+. The results are presented 

in Table 7.2. The Te orbitals were not included in the calculation of J1• 

Table 7.2. Relative Strengths of Cu-Cu Exchange Pathways in ab Plane ofNa2Cu2Te06. 

Pathway (Ae)2 Relative 
(meV)2 

10200 

3320 

130 

1 

0.33 

0.01 
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Clearly, J3 can be ignored, thus eliminating the honeycomb lattice model. The 

small value of J3 can be understood in terms of the spatial relationship of the magnetic 

dx 2 
-y 

2 orbitals, which lie in the Cu04 plane involving the short Cu-0 distances. These 

planes are essentially parallel in the J3 dimer (Figure 7.2). The relatively large value of J1 

may be attributed to the good overlap geometry of the Cu-0-0-Cu linkage. The Cu-0-

Cu angle of 90° can explain the relatively small J2 value. 

At this stage, an alternating chain model appears to be appropriate and as a first 

effort, the data were fit to the published function7 beginning with Ji!J1 = 0.3. In addition 

to the expression for the alternating chain, a Curie-Weiss term, C/(T - B) was included to 

account for the low temperature upturn as well as a temperature independent term (TIP). 

This model refined to Ji!J1 = 0.10(1) (shown in Figure 7.5) which now suggested that a 

simple dimer (Bleaney-Bowers) model8 should also be tried. 

A fit was attempted using this model yielding a very similar result. The fitting 

parameters for the two models are compared in Table 7.3, suggesting that they are nearly 

equivalent. 

Table 7.3. Comparison of the Fitting Parameters for the Simple Dimer (Bleaney-Bowers) 
Model and the Alternating Chain Model. 

Model g JlkB JiJJ1 
(K) 

Dimer 

Alternating 
Chain 

2.02(1) -130.1(2) 

2.03(1) -134.6(3) 

0.0 

0.10(1) 

c 
(emu·K/mol) 

0.010(3) 

0.0070(4) 

I) 

(K) 

0.72(14) 

1.2(2) 

TIP 
(emu/mol) 

0.00060(1) 

0.00066(2) 
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Figure 7.5. ZFC magnetic susceptibility ofNa2Cu2Te06 between 5 and 300 K (black 
circles). The solid line is the fit to the AF7 AF alternating chain model, including a 
Curie7Weiss and TIP term to model the upturn at low temperatures. Fitting parameters 
can be found in Table 7.3. 
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Figure 7 .6. Comparison of the low temperature fits for the single dimer model (J2/J1 = 0) 
[left] and the alternating chain model (J2/J1 = 0.10(1)) [right]. 
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However, a further test comparing the low-temperature fits to the experimental data for 

the two models (Figure 7.6) indicates that the alternating chain model appears to be 

slightly better. This is reasonable as only at low temperatures will the effect of a small 

but finite J2 be manifest.9 In conclusion, the magnetic short-range order present in 

Na2Cu2 Te06 is best described as weakly one dimensional, an alternating chain with J1/J1 

"'0.1, although the zero dimensional dimer model is nearly as good. 

Finally, it is possible to estimate the so-called "spin gap'',~' which is the effective 

energy difference between the ground singlet, S = 0, state and the lowest excited triplet 

state, S = 1, from the relationship10
: 

~ = J1 (1 -J21J1)314(1 + J1/J1) 114 7.1 

to be 127 K. Thus, one would not expect long-range order to develop in this material at 

low temperatures. 

Na3Cu2Sb06 

The high temperature inverse magnetic susceptibility data ofNa3Cu2Sb06 from 

310 to 600 K (Figure 7.7) fit very well to the Curie-Weiss law. The fitting parameters are 

C = 1.019(4) emu·K/mol for the Curie constant and{}= -55(2) K for the Weiss constant. 

This Curie constant corresponds to an effective magnetic moment, JJcrr, of 2.02(1) µB per 

Cu2
+ (3cf, S = 112 ). This is higher than spin only value of 1. 73 µB, which is typical 

behaviour for Cui+. The negative value for the Weiss constant is indicative of 

predominant AF interactions. 

Concerning the low temperature data (2-300 K), since there was no significant 

difference between the ZFC and FC data sets, only the ZFC data will be considered for 
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the purposes of discussion (Figure 7.8). The sharp increase in susceptibility at low 

temperatures (2-19 K) can be attributed to a paramagnetic impurity. A broad maximum in 

the susceptibility is present near 92 K, which is indicative of the low-dimensional, short 

range antiferromagnetic nature of the magnetism of this compound. 

Due to strong similarities with the data for the tellurate, the AF-AF alternating 

chain model was applied in this case as well. A Curie-Weiss term was added to model the 

sharp upturn at low temperatures. This should not be confused with the Curie-Weiss fit of 

the high temperature data. As well, a temperature independent term, xr1P , was added. 

The following function was employed: 7 

Ng 2 µ~(A+ Bx+ Cx2
) Cimpurity 

% M = 2 3 + + X TIP 
k8T(I + Dx +Ex + Fx ) T - Bimpuri~r 

7.2 

where g is the Lande g-factor; Nµp. 2/ks = 0.375; x = IJ1llksT and the constants are as 

follows (with a= J1/J1 and 0 ~ a ~ 0.4): 

A= 0.25 

B = -0.12587 + 0.22752a 

C=0.019111-0.13307a+0.50967a2
- l.33167a3 + l.0081a4 

D = 0.10772 + l.4192a 

E = -0.0028521 - 0.42346a + 2.1953a2 
- 0.82412a3 

F= 0.37754- 0.067022a + 6.9805a2 
- 21.678a3 + 15.838a4 
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Figure 7.7. High temperature inverse magnetic susceptibility ofNa3Cu2Sb06. The fit to 
the Curie-Weiss law is the red line. 
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Figure 7.8. ZFC magnetic susceptibility ofNa3Cu2Sb06 between 5 and 300 K (black 
circles). The solid line is the fit to the AF-AF alternating chain model, including a Curie
Weiss and TIP term to model the upturn at low T. Fitting parameters are in Table 7.4. 
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This is a general model, which includes the OD dimer with a= 0 and simple lD chain 

with a= 1. The fit to the ZFC data is shown in Figure 7.8. The parameters are 

summarized in Table 7.4, which includes the results for the tellurate material for 

comparison. 

Table 7.4. Obtained Values from the AF-AF Alternating Chain Model Fit to ZFC 
Susceptibility Data ofNa2Cu2Te06 and Na3Cu2Sb06. 

Compound g IJ1VkB a c (} %TIP 

(K) (emu·K/mol) (K.) (emu/mol) 

Na2Cu2 Te06 1 2.03(1) -134.6(3) 0.10(1) 0.0070(4) 1.2(2) 0.00066(2) 

Na3Cu2Sb06 1.972(6) -79.6(6) 0.39(1) 0.027(1) -2.3(1) 0.00022 

The values for the antimonate material are in good agreement with those obtained by 

Miura et al. for the same model. 3 

Extended Huckel Tight Binding Magnetic Dimer Model 

At this stage, computational estimates of the various J's are needed in order to 

interpret these results. In previous work on the tellurate material, 1 the extended Hiickel, 

spin dimer analysis6 was employed. In these computations the inter site hopping energy, 

(8e), is estimated using the CAESAR package. 11 Assuming that J ~ (8e)2/Ue./fand that Ueff 

is constant, the relative magnitude of the various J's can be determined. Calculations on 

the spin dimer model for the antimonate yielded the results shown in Table 7 .5 which are 

compared with those reported for the tellurate. 1 
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Table 7.5. (Ae)2 for the Various Exchange Pathways in Na2Cu2Te06 and Na3Cu2Sb06 
Calculated Using the Spin Dimer Model. 

Na2Cu2Te06 Na3Cu2Sb06 

Pathway 
(Ae)2 

Relative 
(Ae)2 

Relative 
(meV)2 (meV)2 

Ji 10200 1 5224 1 

Ji 3320 0.33 295 0.06 

J3 130 0.01 16 0.003 

Note that in both compounds, J 1, which involves the longest Cu-Cu pathway is, 

nonetheless, the largest interaction by far. Second in magnitude is Ji of order,.... 0.1 of Ji, 

while J3 is much smaller:,...., 0.01 of J 1• Comparing the tellurate and antimonate phases the 

calculated J1 (Sb )/J1 (Te) ratio is 0 .54 compared to the experimental ratio of 0. 5 9, which is 

an acceptable agreement. However, the observed and calculated J 1/J2 ratios ("a" in Table 

7.4 and "Relative" in Table 7.5) are in poor correspondence. 

As mentioned, Miura et al. 3 have studied the magnetic behaviours of both 

Na2Cu2 Te06 and Na3Cu2Sb06. They have pointed out, correctly, that it is very difficult to 

distinguish between the AF-AF and AF-F alternating chain models based solely on the 

fitting of the low temperature susceptibility data. Furthermore, it was argued that analysis 

of the magnetic component of the specific heat data can be used to discriminate between 

the two models and these data were interpreted in favour of the AF-F model with J 1 and 

J2 of comparable magnitudes (a -- - 0.8). This approach is not without difficulty. In 

particular, the isolation of the magnetic contribution from the total specific heat can be 

problematic, as a good lattice match material is needed, given that the magnetic 

contribution to the specific heat extends to rather high temperatures. For this purpose 
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Na3Zn2Sb06 was chosen, which is isostructural with Na3Cu2Sb06 but of course there is 

no static Jahn-Teller distortion at the Zn2
+ site, which will influence the phonon spectrum 

and introduce some uncertainty into the subtraction procedure. 

Apart from these potential experimental difficulties, it should be noted that neither 

computational method predicts a J2 that is of comparable magnitude to Ji with either sign 

for both materials. As well, there exists a rather simple experimental test that can 

distinguish between the AF-AF and AF-F linear chain models for these materials. By 

analysis of the high temperature susceptibility, the models can be compared to the mean 

field result for the Weiss temperature, Be. In the high temperature regime (T > 300K), the 

Curie-Weiss law describes the data very well. The relationship between the Weiss 

constant and the various exchange constants, Jm, is well-known and given by: 12 

B = 2S(S + 1) -f J 
3k L..i 2 m m 

B m=l 

7.3 

where B is the Weiss constant, Zm is the number of m'h nearest-neighbours of a given 

atom, Jm is the exchange interaction between mth neighbours and N is the number of sets 

of neighbours for which Jm i- 0. For both systems with S = 112 and z1 = z2 = 1 (i.e. 

neglecting the J3 contribution), the relationship is simplified to: 

7.4 

In Table 7.6, the observed Bvalues are compared with those derived from equation 4 and 

the J's obtained from the fits to the low temperature data with both the AF-AF and AF-F 

linear chain models. 
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Table 7.6. Comparison of Observed and Calculated Weiss Constants (B) for the AF-AF 
and AF-F Linear Chain Models for Na2Cu2Te06 and Na3Cu2Sb06. 

AF-AF AF-F AF-AF AF-F 

J1/k (K)* -135 -136 -80 -83 

Ji/k(K)* -14 108 -31 105 

Beale (K) -75 -14 -56 11 

Bobs (K) -87(6) -87(6) -55(2) -55(2) 
*Note that in Miura et. al. 3 the exchange Hamiltonian is written as J(S; · S1) whereas, in 
Xu et. al. 1 and Derakhshan et. al. 2 -2/(Si · Sj)is used. Therefore, the J values quoted in 3 

will be of the opposite sign and of twice the magnitude as those in 1 and 2• The values in 
this table have been converted accordingly. 

Clearly, the AF-AF linear chain model is in much better agreement with the 

observed Weiss temperatures for both materials. In fact, the value derived from the AF-F 

model for the antimonate is actually of the opposite sign to that experimentally observed. 

7 .5 Conclusions 

The magnetic investigation of the new quaternary layered transition-metal oxide, 

Na2Cu2Te06, synthesized by the Kleinke group at the University of Waterloo, was an 

interesting examination of short-range, low-dimensional magnetic order. 1 The magnetic 

susceptibility shows Curie-Weiss behavior at high temperatures with a reasonable 

effective moment of 1.85(2) µ 8 per Cu2
+ ion and a Weiss constant, Sc, of -87(6) K, 

indicating dominant antiferromagnetic correlations. A broad maximum at 160 K is 

interpreted as short-range one-dimensional antiferromagnetic (AF) correlations. This 

short-range order was analyzed in terms of an alternating chain model, with the surprising 

result that the stronger intrachain coupling involves a super-superexchange pathway with 
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a Cu-Cu separation of>5 A. The Ji/J1 ratio within the alternating chain refined to 

0 .10( 1 ), and the spin gap is estimated to be 12 7 K. 

The analogous compound, Na3Cu2Sb06, was synthesized at McMaster University 

in the Greedan lab and its magnetic properties investigated. 2 Again, a broad peak in the 

magnetic susceptibility data (in this case, near 92 K) indicated dominant short-range, 

low-dimensional AF behaviour. The data fit very well to an AF-AF alternating linear 

chain model with Jilk= -79 Kand h/J1 = 0.39. High temperature data(> 300 K) 

exhibited Curie-Weiss behaviour with 0c = -55(2) K, also indicating dominant 

antiferromagnetic interactions. 

Another group investigated both of these compounds and reported that an AF

ferromagnetic (F) linear chain model gives equally good agreement to the low 

temperature data and included analysis of heat capacity data that also supported the AF-F 

model. 3 It is interesting to note that because the one antiferromagnetic interaction is so 

dominant (from calculations on these systems by all of the groups involved), the 

magnitude and even the sign of the second, less dominant pathway is extremely difficult 

to unambiguously determine. In fact, as previously mentioned, Miura et. al. 3 have 

pointed out that it is very challenging to distinguish between the AF-AF and AF-F 

alternating chain models based solely on the fitting of the low temperature susceptibility 

data alone. Only through experimental data fitting, combined with calculation and other 

experimental data, can more definitive conclusions be drawn. 

It is in this way that Derakhshan et. al. demonstrated the Weiss constants derived 

from the high temperature experimental data could be used to distinguish between the 
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AF-AF model and the AF-F model.2 On the basis of both analyses (low temperature 

susceptibility fitting, as well as high temperature Weiss constants), it can be concluded 

that the AF-AF alternating chain is the appropriate model for both compounds. 
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Chapter 8 

Conclusion 



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 225 

8.1 Conclusions 

New oxides with the "pillared perovskite" structure were synthesized and 

characterized. Based on the perovskite structure type, these new materials possess layers 

of discrete magnetic ions, separated by large distances connected by convoluted magnetic 

superexchange pathways. Nonetheless, through the diamagnetic pillaring unit, long

range magnetic order was observed for most of these compounds. The use of a multitude 

of techniques (such as powder X-ray diffraction, SQUID magnetometry, heat capacity 

measurements and variable temperature powder neutron diffraction) was required to 

elucidate as much information about these new substances as possible. 

The candidate undertook a more definitive study of two previously known 

compounds (LasRe3Co016 and LasRe3Ni01 6)
1
, and the synthesis and characterization of a 

new family of compounds based on this structure type. An important result was the 

observation of a new magnetic structure for the Ni member - the first of its kind for any 

pillared perovskite material. In addition, the longer, more convoluted interplanar 

exchange pathway through the diamagnetic "pillar" was shown to play an important role 

in the overall magnetic ordering of these compounds. 

As well, a new family of pillared perovskite compounds was synthesized and 

magnetically characterized. By varying the 3d transition metal, the effect of the spin 

quantum number S, on the resulting magnetism could be studied. One set of four new 

materials was realized through substitution of magnetic Re5
+ within the perovskite layers 

with diamagnetic Ta5
+. There were significant synthetic challenges that arose in the 

investigation of LasRe3_xTaxB016 (B =Mn, Fe, Co, Ni), and detailed microscopic studies 
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to determine the extent of the Ta5
+ substitution using SEM-EDS and TEM-EDS were 

undertaken. In addition, a Nb5
+ compound (LasRe3-xNbxMn016) was also synthesized 

and fully characterized by powder X-ray diffraction and SQUID magnetometry, as well 

as SEM-EDS and TEM-EDS, in an attempt to discern the extent of substitution on the A5
+ 

site within the perovskite layers of these compounds. Despite these synthetic difficulties, 

pillared perovskite materials LasRe3_xTaxB016 (B =Mn, Fe, Co, Ni; x,..., 0.5) were 

generated and analyzed using powder X-ray and variable temperature neutron diffraction, 

SQUID magnetometry and heat capacity measurements. The Ta-based system was very 

similar to the all Re-based pillared perovskites studied previously, with approximately the 

same critical temperatures for long-range magnetic ordering with the same B2
+ ion, 

similar metamagnetic transitions and the same ordered magnetic structures. These data 

corroborated the idea that the longer interlayer superexchange pathway through the 

diamagnetic "pillar" is important in determining the overall magnetism of the pillared 

perovskite system. This series represents the first attempt at substitution of the A5+ cation 

in a pillared perovskite. 

Continuing the theme of researching interesting, supposedly low-dimensional 

compounds that magnetically order, a lanthanum rhenium oxide based on the dimeric 

"pillar" of the pillared perovskites was investigated.2 The material, La3Re20 10, was 

synthesized for the first time as a phase-pure powder using conventional solid state 

methodologies. In this compound, there is one unpaired electron delocalized within the 

Re20 10
9
- unit. Measurements of the magnetic properties showed that this material 

exhibits both short- and long-range order, with the former setting in at about 18 K. 
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However, the magnetic structure could not be determined by unpolarized powder neutron 

diffraction. Based on experimental fits of the susceptibility to a low-dimensional linear 

chain model, and theoretical investigations of the character of the metal-metal bonding 

orbitals and spin exchange interactions, the long-range structure was postulated to consist 

of antiferromagnetic 1-D chains which couple together antiferromagnetically. This 

investigation highlights the complementary relationship between experimental 

observation and theoretical calculations, as the insight gained through DFT modelling 

and EHTB spin dimer analysis led to a deeper understanding of the magnetic behaviour 

of La3Re2010. 

The double perovskite, SrLaRuNi06, was also synthesized and its magnetic 

properties studied. Unfortunately, the presence of a small amount of ferromagnetic 

SrRu03 impurity dominated the bulk magnetic data. However, low temperature powder 

neutron diffraction measurements were able to determine the critical ordering 

temperature for the material. This study showed the power of neutron diffraction in the 

investigation of magnetic materials, where interpretation of bulk magnetic data can be 

hampered by a ferromagnetic secondary phase. 

The candidate also collaborated with other researchers, investigating the magnetic 

properties of the low-dimensional, ordered rock-salt oxides, Na2Cu2 Te06 and 

Na3Cu2Sb06.
3'4 Interestingly, although the magnetic Cu2

+ centres are arranged in a 

hexagonal "honeycomb" type array, the short-range magnetic order consists of an AF-AF 

alternating chain. These findings are still the subject of some controversy in the 

literature, as other experimental and theoretical groups researching the strengths of the 
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various superexchange pathways propose alternative models of the magnetic behaviour in 

these compounds. 5•
6 The candidate's contribution has sparked much healthy debate and 

lively discussion regarding the nature of low-dimensional order within these materials. 

Overall, this thesis reflects the candidate's extensive work on the synthesis of new 

transition metal oxide compounds and comprehensive magnetic characterization. Despite 

large distances between magnetic centres and convoluted magnetic superexchange 

pathways (often through diamagnetic centres), long-range order was observed in many of 

these systems. This body of work highlights the importance of continued research into 

the solid state synthesis of new materials and investigation of their magnetic properties. 

Often, interesting, unexpected and novel magnetic behaviour is observed, adding to the 

knowledge and understanding of the fascinating physical phenomenon of magnetism. 

8.2 Future Work 

There are some obvious extensions of this body of work, particularly in the area 

of pillared perovskites. As this is the first time substitution of the A5
+ cation in a pillared 

perovskite was attempted, there are many opportunities for further research in expanding 

this structure type. Only the Mn member of the LasRe3_xNbxBOt 6 series was synthesized 

and partially characterized. As with the La5Re3-x TaxB016 series, the dependence of the 

magnetism on the spin quantum number (S) could be studied by changing B to Fe, Co or 

Ni. X-ray powder diffraction, SQUID magnetometry, variable temperature powder 

neutron diffraction and heat capacity measurements could all be performed to verify the 

structure and study the properties of these new compounds. 
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Another extension of the pillared perovskites could be substitution of a 4+ cation 

(such as Ti4+) within the perovskite layers. Without changing the starting stoichiometry, 

this would result in one extra electron in the pillared perovskite system, which would be 

expected to reside within the metal-metal bonded dimer 'pillars'. One extra, unpaired 

electron within the dimers would make them paramagnetic, and could have a significant 

impact on the resulting magnetic properties of the synthesized compounds. For example, 

the layers are normally coupled antiferromagnetically through the diamagnetic pillars. 

Once paramagnetic, would the dimers then participate in the coupling, so the layers are 

now coupled ferromagnetic with respect to each other? 

Preliminary results of a series ofLa5Re3_x TixB016 (B =Mn, Fe, Co, Ni, Mg) 

suggest that this is not the case. Again, synthetic studies (X-ray/neutron powder 

diffraction, SEM-EDS, TEM-EDS) indicate that only partial substitution ofTi4
+ (x ~ 0.5) 

within the perovskite layers occurs. However, magnetically, all compounds have about 

the same critical temperatures as their La5ReJR0 16 analogues. Interestingly, it appears 

that the Mn member has the same magnetic structure by powder neutron diffraction as 

well. No magnetic peaks were visible in the other series' members, however, that may be 

due to poor sample crystallinity and weaker values of the moments, rather than the 

absence of any magnetism. Further study and refinement of this series should prove to be 

very interesting. 

An expansion of the research involving the magnetically unusual lanthanum 

rhenium oxide, La3Re20 10 could be the successful solid-state synthesis of its osmium 

analogue, La30s2010. All attempts at generating La30s20 10 thus far have led to the 
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destruction of the quartz tube containing the reaction and a multitude of products along 

with the desired phase. The best oxidizing agent for this reaction has been Ag20 and 

continued synthetic efforts to generate a pure phase compound could yield a positive 

result. Magnetic characterization of La30s2010 could generate some interesting and 

unexpected phenomena. 

Much research has already been done in the area of Ru-based double perovskite 

compounds, however, one extension of this chemistry could be the substitution of other 

Af+ (such as Mn, Fe and Co) for Ni2+ in SrLaRuNi016• In addition, double perovskites 

are related to pillared perovskites. Both have layers of comer-shared octahedra, however, 

in the pillared perovskite, these layers are separated by edge-shared octahedral dimer 

'pillars'. In double perovskites, the layers are connected directly. Maintaining the same 

charges on the two metal sites (5+ and 2+) in the double perovskite should lead to 

octahedral site-ordering within the layers as well, and the newly generated compounds 

would serve as a more 'condensed' version of the pillared perovskites studied. The 

synthesis and magnetic characterization of double perovskites such as SrLaReM016 (M = 

Mn, Fe, Co, Ni) and SrLaReo.5 Tao.sM0 16 (M =Mn, Fe, Co, Ni) would be a novel look at 

the 'pillared' perovskites without any pillars! 
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