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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 LasRe3Co0O 6
and LasRe;NiO;s 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, LasRe;.Ta,BO;¢ (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, LasRe,0,, 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, SrLaRuNiOg, 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,
Na,Cu,;TeOg and Na3;Cu;SbOg 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.



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 2

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.'” In fact, the 2007 Nobel Prize in Physics was awarded
to Prof. Albert Fert and Prof. Peter Griinberg, who each independently discovered the
giant magnetoresistance phenomena.” 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, LasResMO;4 (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.® The focus of Chapters Four is the
synthesis and complete magnetic characterization of a new series of “pillared”
perovskites — LasRes xTaxBO16 (B = Mn, Fe, Co, Ni; x ~ 0.5). The extent of tantalum(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 La;Re»0O19, a compound with relatively isolated, magnetically active
“dimer” units that unexpected orders at 18 K.> Chapter Six recounts the synthesis and
magnetic investigation of the double perovskite, SrLaRuNiOs. A case of pseudo-
symmetry and a high degree of correlation between the two different magnetic moments
made a single unique magnetic structure 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, Na;Cu,;TeOg and Na3;Cu,SbOg. 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.®’

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 4BOs and the ideal structure is cubic (Pm—
3m), illustrated in Figure 1.1 for SrTiO;. It can be described as a three-dimensional
framework of corner-shared BOg octahedra, with 4-site cations occupying the 12 co-
ordinate interstices.® Both the 4 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 BOg octahedra, B-site
cation displacements and tilting of the BOg octahedra. Octahedral tilting is the most
common type of distortion, resulting in lower crystal symmetry. Glazer’ and
Woodward'®'" 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 4 and B sites.

A “tolerance factor”'? has been defined that roughly determines the stability of the
perovskite structure in terms of the 4 and B cation sizes, as well as the oxygen radius:

rA+rO

t=—>2—~— 1.1
\/5("3 +7p)
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Figure 1.1. Crystal structure of the ideal ABO; perovskite. The green spheres represent A
site cations, the blue octahedra are B-site ions with oxygens located at corners of the
polyhedra.
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The perovskite structure is stable in the range 0.8 <7< 1. Outside of this range, other
phases, such as hexagonal ABOj 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. ¢ #
1).

Another remarkable feature of the perovskite structure is its tolerance for 4 and B
site substitution. “Double perovskites”, A4'BB'Os(A=A4"or A # A'; B # B'), are formed
when the B-site cations are occupied by two different elements. The 4 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."*'® Chapter Six describes the synthesis and subsequent magnetic
characterization of one such double perovskite compound, SrLaRuNiQOs.

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 LnsD,ABO¢, where Ln is a lanthanide (La3+); Disaddor5d
transition metal such as Mo*", Re>* or Os®"; and 4 and B are a specific combination of 3d,
4d or 5d transition metals (such as Mo®" with Mo*" or Mn*", Co?", Mg*" or Ni*")!""1%;

(Re’* with Mn**, Fe**, Co*", Ni*" or Mg*")****; or (0s*" with Mn*")*.
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Figure 1.2. Crystal structure of an ordered 4,88 'O¢ double perovskite. The green
spheres are the 4 site ions; the pink and blue octahedra are the B and B " ions, respectively
with oxygens located on the corners of the polyhedra.
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Figure 1.3. Crystal structure of a “pillared perovskite”, LnsD,ABO;s. The Ln ions are
green spheres; the D,0¢ dimer “pillar” is in dark blue; the ordered 4 and B-site cations
are the light blue and pink octahedra, respectively, with oxygens located at the corners.
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From the Figure, it is clear that the structure contains perovskite-like layers of
corner-shared 40 and BOg octahedra that are usually charge-ordered. “Pillars”,
consisting of edge-shared D,0, 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.'®?' Chapters Three and Four discuss

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

1.3 Magnetism
Free lon Magnetism
All matter responds in some way to an applied magnetic field. Magnetic

susceptibility () 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:

fi=—pp(L+g8) 1.2

where Z is the magnetic moment operator, 4z is the Bohr magneton, Z is the orbital
angular momentum operator, § is the spin angular momentum operator and g, 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 (7 ):
H=—ppg, T 1.3
where J is a combination of orbital and spin angular momentum and g; is given by:

3 S(S+D—LL+D)
gs=5+
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 (i) of a material as a function of temperature,

T

kT
H Z exp(—E,? /kgT)

(D\2
o 2L 2B exp(-ES 1k, T)
< > n

V4 L.5

where <M is the average magnetization, H is the external applied magnetic field, £ is
the ground state energy and £ and E® are the first and second order Zeeman energies,
respectively (which arise from the magnetic moment operator operating on the ground
and excited state wavefunctions); kz equals Boltzmann’s constant, and the index, »,
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:

¢ 16
T

Z:

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:
7= —?— +TIP 1.7

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, L and spin

quantum number, S:
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o Ne® ()’ I +1) 1.8
3kp

The constant terms (Nuz>/3kz) equate to 1/8. 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, gz can be defined

in terms of the Lande g factor mentioned previously:
Hey = 8S(S+Dpp 1.9
and the Curie constant can now be expressed in terms of the effective moment:

_ (ﬂeff)z
8

C 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:

ey Gotal) = Y (ty)* L11

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

must be added to the Curie Law;

c
=7 1.12
=T "9

where @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-VanVleck magnetic

exchange Hamiltonian:

H=-27) 55, 113
i

where J is the spin exchange constant (not the total angular momentum), and S; and § ;
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 of Hund’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.****
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
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180° superexchange interaction between two Mn’* centres (S = 2). From the overlap of
the metal d orbitals and the oxygen 2p orbitals, and application of the Pauli principle,
antiferromagnetic 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 e, and empty e, 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 (), 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) J,(aS]S] +b(S.S] +SS])=gupt y S 114

where Jj; is the exchange constant between two sites, / 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 dimensionahity
appear below. The final term in the above equation accounts for the effect of an external,

applied magnetic field, A, on the localized moments on the lattice.
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Figure 1.4. Magnetic superexchange illustrated for Mn>' — O — Mn** with 180° bonding
angle and octahedral crystal field. The t,, and e, 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.

Figure 1.5. Magnetic superexchange illustrated for Mn** — O — Mn*" with 180° bonding
angle and octahedral crystal field. The t,, and e, 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 1-
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=1). 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.



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 17

Table 1.1. Long-range Magnetic Order Possibilities for Lattice and Spin Dimensionality
Lattice Dimensionality

d=1 d=2 d=3
Spin Dimensionality {Chains) (Planes)  (Network)
D =1 (Ising) X v v
D =2 (XY) X X v
D = 3 (Heisenberg) X X v

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 true d = 1 system has been found to exhibit a transition to long-range
magnetic order for any spin dimensionality, D. In the case of layered 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:

Msar = 2Spp = galpip 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 (T} taken as
the inflection point of this curve.

Antiferromagnets can be thought of as two interpenetrating magnetic sublattices,
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 (T,) of the
transition. Sharp peaks typically denote long-range order, whereas broader features are
often indicative of shorter range interactions.

Ferrimagnets, similar to antiferromagnets, 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 sublattices 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 [/eft], and
manifested in a typical magnetic susceptibility measurement [right].

—5 e 3
G
— G

T

Figure 1.7. Antiferromagnetism depicted for a 2-dimensional arrangement of spins [/ef?],
and manifested in a typical magnetic susceptibility measurement [right].

T

Figure 1.8. Ferrimagnetism depicted for a 2-dimensional arrangement of spins [/ef?], 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 (H..), 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 (H,s). 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 (Hsr). 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:

HSF =[2HexHanis _(Ham's)z]l/z 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,
Hg, can also be expressed in terms of the exchange and anisotropy fields:

He =2H o —H oy 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 T, (Figure 1.9). The lower the temperature below T, 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 (Hyzn,) 18 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 T, (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 T, 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 T, and graphing their
Huns values, Hyy 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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Figure 1.9. Spin flop depicted in terms of temperature (T) and field (H) [/eff]. The arrows
indicate the magnetic coupling. The x-intercept of the curve is the critical ordering
temperature (T;). A spin flop transition observed experimentally [right] as a slight
curvature in magnetization (M) versus applied field (H) for a given temperature below T,
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) [/eft].
The arrows depict the interlayer magnetic coupling. The y-intercept of the curve is the
critical field (Hc) for the metamagnetic transition, and the x-intercept is the critical
ordering temperature (T.). A metamagnetic transition observed experimentally [right] as
a large increase in magnetization (M) with applied field (H) for a given temperature
below T, for a powder sample. The inflection point of the “S”-shaped curve is taken as
H¢ 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):

he
E x-ray — z

2.1
where 4 1s 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 O that are not well

located in X-ray experiments are easily found using neutrons. As such, X-ray and
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neutron diffraction are very good complimentary techniques, as X-ray diffraction maps

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

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, dai). 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
2dgpsing. This condition is expressed as Bragg’s Law:

nh = 2dgwsing 2.2
where A is the wavelength of the incident beam and #1is 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 (@, b, ) that define a unit cell of
atoms in direct space. In reciprocal space, the unit cell would be defined by three new
vectors (@*, b*, T*) that are related to their real space counterparts in the following

manner:
)| 23

a*ea=1 b*eb=1 c*ez =1 2.4



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University =~ 28

N R W lattice
planes

sing /

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

A S S S —

2

Figure 2.2. Ewald’s Sphere for diffraction.



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 29

In elastic scattering, there is no energy transfer to the lattice, but there is a finite amount
of momentum (Q) that 1s transferred:

O=k—F 2.5
where kand 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, & (Figure 2.2).
Mathematically, Ewald’s condition can be expressed as:

C=k—F 2.6
For Bragg’s Law to be satisfied, the difference in wavevectors, O must be equal to the

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

mathematically as:

27

d(hkl)

G= =ha*+kb*+ic* 2.7

where 4, k and / are Miller indices which describe the vector space, G.

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 multicrystalline 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 dgy (Figure 2.4). Often, due to
symmetry, there is overlap between numerous Bragg reflections with the same djxy).

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
(Imiy) of a Bragg reflection with Miller indices (% & /) is roughly the square of the form

factor, F):
N »
Fuup = ), F@O)expliza(h, +1, +12,)] 2.8

where f,(26) is the atomic structure factor (discussed below), and x,, v, and z, are the
atomic positions of each ion () with respect to the unit cell. The summation is carried
out over all NV atoms of the unit cell.

For x-rays, the atomic structure factor defines the number and distribution of
electrons for each atom # in the unit cell, and falls off rapidly as a function of scattering
angle (26). The integral of £, 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 ~ Z* and thus, x-rays are rather insensitive for determining the atomic

positions of lighter atoms versus heavier ones.
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x-ray beam

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 d; » ¢ peak is comprised
of reflections from d.y 129, di2 042 and dg +2 9.
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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.'

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 Ko and K peaks.
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used, are produce when these atoms settle back to their ground states by rearranging their
electron configurations. These sharp features (Ko, 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 Kyjand
Ko, for example. Monochromators, such as single crystal graphite or germanium, can be
used to obtain a single wavelength beam (Kq;, 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 107>’ kg and an
associated magnetic moment of 1.891 uy, where uy is the nuclear magneton. As a result,

it has an associated wavelength (1), according to the de Broglie equation:
A=— 2.9

where 4 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 m/s, corresponding to a wavelength of about 1.978 A, using
heavy water (D,0) as the moderator. Slower neutrons are produced using liquid
deuterium or hydrogen as a moderator (T ~ 10 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.”

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

generated by the fission of #*°U 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.'?

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):

O=Fk-F= 4”2““9 2.10

When a sample is placed in an incident beam of monochromatic neutrons (of intensity,
1,), the neutrons are scattered with probability, o, which is called the cross-section.

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

d
(-&%dﬁ ), therefore, is the probability of scattering a neutron into this region of solid
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angle, dQ). Figure 2.9 illustrates the scattering geometry for neutron diffraction
experiments. The total cross-section (oy,) is the sum of various contributions: the
absorption cross-section { duss), the coherent cross-section ( g..x) and the incoherent cross-
section ( Gineon), 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 (‘H) has a large incoherent cross-section due to its nuclear spin.
Deuterium (*H) has a much smaller incoherent cross-section, so powder samples are
typically deuterated to avoid the background problem brought about by incoherent
scattering. '

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

o = 4zb* 2.1

The structure factor for neutron diffraction then becomes:

N
Fuy =), bexpli2z (i, +ky, +1z,)] 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 *He 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,) therefore, depends on the magnetic

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

2 2
dd,,m=zS(S+1) 2L g 2.13
3 mc?
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where S is 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 frepresents the magnetic form factor. Magnetic form factors for
neutrons are similar to x-ray form factors, and have been tabulated.” 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 siné/’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 \2
do, =q2S2[e—};] 12 =q%p? 2.14
mc

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

2
p=5 % 2.15
mc

and q is the magnetic interaction vector:

g=2(*K)-K 2.16
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Figure 2.11. Geometry of a magnetic neutron experiment. The labelled vectors are
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where Z is the scattering vector (which is perpendicular to the reflection plane) and X 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 S%, 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:

| Fua P Fructear I +1 Fy ?

agnetic

2.17

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

e N ]
Foag = Y dupyexpli2z(hx, +hy, +1z,)] 218

Note that the magnetic structure factor is a vector quantity with each magnetic sublattice
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, T,.

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. Ferromagnetism, where the magnetic moment vectors are all aligned in the same

direction, is compatible with the symmetry imposed by the crystallographic unit cell. As
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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 sublattices
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 of low 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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£=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

1/2)) 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 ((28)) 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:
N 1 5
F= E ~ w;ly; (0bs) ——y;(calc)] 2.20
i c

where w; is a weighting factor, based on counting statistics (w; = 1/vi(obs)), c is a scale
factor and y{obs) and y{calc) are the observed and calculated intensities of the i 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:*’

Hluy =Utan® 0+ tan 0+ W 2.21

where U is defined by the wavelength resolution (AA/A), V is related to beam divergence
and mosaic spread of the sample, and W is 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, 26;:

222 41n2(26; - 26,)
€Xp| — 2.22

i =t Fwy Joay Ly —————= 5
H 7 H

where ¢ is the step width of the counter, Fy is the structure factor of the reflection, ju)
is the multiplicity of the reflection, Ly is the Lorentz factor and 28 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:

D | vi(0b)- y,(calo)|

i 2.23

14

ZIJ y;(obs)|
Z_ w; [yl (ObS) -¥; (Calc)]Z
Rw = d
’ Z w,Ly;(cale)]’ 2.24
fer =\/ i 225
Ziw![y’(o S)]
R;,

o 26

exp

Z}J I, (obs) — I, (calc) |
RBm =
=Y L) 227

where R, is the profile R-value, R, is the weighted R-value, R,,, 1s the expected R-value,

,1/2 is the goodness of the fit and R, is the Bragg R-value. In addition to these
variables, NV is the number of data points, P is the number of parameters in the
refinement, C is the number of constraints and /; refers to the intensity of the reflection,

whereas y; refers to the intensity of the profile point.*’
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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:

oM

=T .28
aH 2.2

X

where M is the magnetization and H is the applied field. A DC-SQUID magnetometer is
a very sensitive instrument that measures the magnetic moment of a sample (x4, in emu),
which can be easily converted into magnetic susceptibility:

=t -g 229

mols

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 (x 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, T.. 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, T..

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 (y) versus temperature plot for typical magnetic systems.
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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 ¥ T 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.® 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 2.14. Susceptibility () multiplied by temperature (T) versus temperature plot.
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Figure 2.15. Fisher heat capacity (derivative of 4T with respect to T) for an
antiferromagnet. The lambda-like shape of the anomaly indicates long-range order.
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M=t 5585 o, 2.30
mols

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 (z4,), which is
related to the spin quantum number (S):

oy =28 g 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 T is 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. Ferromagnets 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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Figure 2.17. Sample translation inside the pick-up coils of a SQUID magnetometer (/eff)

and the voltage signal that is produced (righf). 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. 1f 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 (zop) 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, if there 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 107 Oe/ cm?, 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
turn, 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.”2

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

.0
C= Lim=-
ATI—TO AT 232

where Q represents the heat and AT is the difference in temperature. At low

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

C =T+ p7° 2.33
where yrepresents the electronic contribution to the specific heat and £ 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,
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typically in the 7> 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:
C
AS = | =dT
f T 2.34

where AS is the change in magnetic entropy of the system. According to Boltzmann, the
entropy 1s related to the number of states: AS = RInW where W is the state degeneracy.

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

AS = RIn(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.”>'*
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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:

QO=UxIxt=Pxt 2.36

where ( is the heat, U is the applied voltage, 7 is the current, # 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 (7,) is related to the initial temperature
of the sample (7;) by an exponential:

T=T +AT,(1-exp™'?) 237
where 7is the relaxation time constant, determined by the heat capacity (C) and the

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

t=Ry; C 2.38
with Ryy defined as:
AT
Ry = A};) 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.



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 63

The Oxford Instruments Heat Capacity Probe insulates the sample from the
surroundings quite well, and is evacuated to very low pressure (~ 107 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 um)
gold plated tungsten wires. A Cernox temperature sensor is also connected to the chip by
50 um 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.'”
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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, LasRe; MO (M = Co, Ni)

This chapter encompasses the manuscript “Investigations of the Magnetic
Properties and Structures of the Pillared Perovskites, LasRe3 MO (M = Co, Ni)”,
published in the Journal of Solid State Chemistry (J. Solid State Chem. 2006, 179, 1938-
1947). 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, 1938-1947. Copyright 2006 Elsevier.
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Investigations of the Magnetic Properties and Structures of the Pillared

Perovskites, LasResMOy (M = Co, Ni
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a Department of Chemistry, McMaster University, Hamilton, ON, Canada

b Brockhouse Institute for Materials Research, McMaster University, Hamilton, ON,
Canada
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River Laboratories, Chalk River, ON, Canada
3.1 Abstract

LasRe;Co0 6 and LasResNiO¢ 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 LasRe;CoQOj¢ at 35 K and at 38 K and 14
K for LasRe;NiQOy¢. 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 K in 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 LasRe3Co0Oy4, the Co*" and Re® moments are ordered ferrimagnetically within the

corner-shared octahedral layers, while the layers themselves are coupled
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antiferromagnetically along the c-axis, as also found in LasResMnQO,¢ and LasRes;FeOq.
In the case of the Ni material, the Re’” and Ni*" 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 LasRe3; MO 4 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..M,06 (x =0 and x ~ 0.7 for M= Mn, Fe, Co, Mg)”, rhenium,
LasRe; MO, (M = Mn, Fe, Co, Ni, Mg)*® and osmium, LasOs3MnO1s". The unit cell is
pictured in Figure 3.1. It consists of perovskite-like layers of corner-shared MM’ Og¢
octahedra, in which the M and M”ions are site ordered, avoiding like ion nearest
neighbours. These layers are “pillared” by dimeric units of two edge-shared MO
octahedra. The La®" 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 M and M”ions, both transition metals exhibit local moment behaviour
with nearly spin only values. Although the layers are separated by ~ 10 A, long range

magnetic order exists in these compounds. For the LasRe; MO series, the critical
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temperature (T,) varies from 161 K in the Mn compound to 33 K in the Co compound.™ ¢
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.” ® This current work examines the
magnetic properties of two remaining Re family members, LasRe;CoOy6 and

LasRe3NiOyq, in greater detail.

3.3 Experimental
Synthesis

The title compounds, LasRe; MO ¢ (M = Co, Ni), were synthesized by solid state

reaction, as outlined previously.®
5La,03+ 5 ReO3 + Re +2 MO — 2 LasRe; MOy 3.1

Stoichiometric amounts of the starting reagents, La;O3 (99.9%, Aldrich, calcined at
900°C overnight before use), ReO; (Rhenium Alloys), Re (Rhenium Alloys) and MO (M
= Co00, 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 (~ 107 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, LasRe,TaMgO;6, was made in a
similar manner, using stoichiometric amounts of Ta,0s (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 CuKa
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&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° < 28< 113° with 0.1° steps. Similarly, the
magnetic structure data (variable temperatures from 4 K) were measured at a longer
wavelength of 2.36957 A in the range 5° < 26 < 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 K and isothermal magnetization measurements from 0-5 T were recorded on

samples incased in gelatin capsules.
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Figure 3.1. Crystal structure of LasRe3MO¢. a) A view of the unit cell: ReOg octahedra in
blue, MOg octahedra in pink, Re,O;o dimer units in dark blue and La ions in green. b) A
perovskite-like layer of corner sharing ReOg (blue) and MOg (pink) octahedra. Notice the
large octahedral tilt angles away from the ideal 180°. ¢) A Re;O1o “pillar” of two edge
shared ReOg octahedra: Re atoms in dark blue and O 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.® Further structure characterization was accomplished through
Rietveld refinement of room temperature powder X-ray (LasRe;NiOj4) and neutron
(LasRe3Co0y¢) 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 LasRe;Co0,¢ and LasRe;NiOyg. 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 Re’* electrons and quench the magnetic moment within the pillars.
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The only magnetic ions in these compounds are Re** (S = 1) and M*" (Co, § = 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 LasRe;CoQ;6 and LasResNiQOyg. Literature values are shown in
square parentheses.

Compound LasRe;C0046 LasRe;NiOq¢
Data source Neutron X-ray
Space group C-1 C-1

a=7.9621(8) A [7.9694(7) A] a=7.9280(4) A [7.9383(4) A]
b=7.9957(8) A [8.0071(8) A] b =7.9888(4) A [7.9983(5) A]
1 c=10.172(1) A [10.182(1)A] ¢ = 10.1585(5) A [10.1732(6) A]
Cell parameters ) _ g 948(5)° [90.248(4)°] @ =90.274(2)° [90.287(3)°]
B=94.975(4)° [94.980(4)°] = 94.876(2)° [94.864(3)°]
/=89.977(8)° [89.983(6)°] = 89.967(3)° [89.968(4)°]

Ry, =0.0282 Rpy=0.128

Ryp =0.0380 Ryp=0.168
Agreement factors X2 —200 X2 ~ 17

Rg=0.0543 R =10.0708

Magnetic Measurements

a. La5R63C0016

Zero field cooled and field cooled (ZFC/FC) magnetic susceptibility
measurements from 5-300 K at a field of 0.05 T and from 2-200 K at 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 K and 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, T, 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 (y) data
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measured previously.® However, the small feature at 100 K did not appear in the earlier
measurements. A plot of ¥T 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 Re*™ (S = 1; Cso = 1.00 emu-K/mol) and Co*" (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) ug. This is slightly larger than the expected spin-only
saturation moment (1.0 pg) for ferrimagnetically coupled Co*" (S = 3/2) and Re’>" (§=1)
moments. The magnetic moment of Co** ions often exceed the spin only value and the
Re”* moment is expected to be smaller, due to orbital contributions. However, this
experimental moment is well below that calculated for ferromagnetically coupled Co*" (S

=3/2) and Re>" (S = 1) moments within the layers (5.0 pg).
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Figure 3.2. ZFC (darker shade) and FC (lighter shade) magnetic susceptibility
measurements of LasRe;CoO;¢ with applied fields of a) 0.05 T (red) and b) 2.0 T (green)
and 5.0 T (blue).
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From the crystal structure of LasRe;CoQjs, there are two different types of magnetic
interaction — intraplanar and interplanar. Intraplanar magnetic coupling would involve
Re-O-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 Re,O1o 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 LasRe;CoO 6 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 ug 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 ug.
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 compoimd upto 40 K. The 32K
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 T, for this compound is 35 K.
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Figure 3.3. T versus T plot of LasRe;Co00;¢ using the ZFC data only. The horizontal
line is the sum of the calculated spin only Curie constants for Re’* (S =1; Cso = 1.00
emu-K/mol) and Co*" (S =3/2; Cso = 1.87 emu-K/mol). Inset - Fisher heat capacity of
LasRe;CoO¢ calculated using the ZFC magnetic susceptibility data. The vertical line
denotes the peak centre. Note the peak asymmetry.
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Figure 3.4. Isothermal magnetization versus applied field data for LasRe3;CoO;¢. Note the
large residual magnetization at 2K and the sharp jumps at low applied field in the 2 K and

32 K curves.
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Heat capacity data collected from 10 to 50 K on LasRe;CoOjs 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, LasRe;TaMgO¢ 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 LasRe;CoQO1¢. There is one clear peak, whose maximum is at about 32 K and 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 LasRe3Co00O,6 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,

AS = |(C,os/THT 3.2

yielding AS = 3.56 J/K-mol. This value is only 17 % of the 20.66 J/K-mol expected for
Re’ (S=1) and Co*' (S = 3/2) moments and indicates that most of the magnetic entropy

is lost in the intraplanar short range order.
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Figure 3.5. Heat capacity measurements of LasRe3;CoO,¢ with no field applied (black
squares) and in a 7.0 T field (red circles). The heat capacity measured for the non-
magnetic lattice match compound is denoted by green triangles.
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Figure 3.6. Magnetic component of the heat capacity of LasRe;CoO¢ , in zero applied
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Variable temperature powder neutron diffraction measurements were also
performed on LasRe3CoO¢ 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 =
(00 1/2) (i.e. amag = A, bmag = b, cmag = 2¢, Where a,b,c are the axes of the structural unit
cell). This magnetic unit cell is the same as LasRe;MnO;¢° and LasResF e0166. 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
LasRe;CoOjs. However, due to a high degree of correlation between the Re’* (S=1)and
Co®" (S = 3/2) moments, their values could not be refined independently. The best fit, as
seen in the difference plot and Ry, values, was obtained when the moments were fixed
parallel to the c-axis at 1.5 pug and 2.5 pp 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)/(1 1 1/2)
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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Figure 3.7. Powder neutron diffraction patterns of LasRe3CoOj¢ at 5 K (pink triangles),

30 K (blue inverted triangles) and 50 K (black circles). The peaks marked with arrows

are the two new magnetic Bragg reflections, indexed as in
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Figure 3.8. Magnetic structure of LasRe;Co0,6, showing the moments on the Re atoms
(blue spheres, black arrows) and Co atoms (pink spheres, grey arrows).
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Figure 3.9. Rietveld refinement of the low angle powder neutron diffraction data for
LasRe;Co0¢ at 5 K. The red circles are the experimental data; the black line is the
calculated pattern; the top green tick marks denote the structural Bragg reflections; the
bottom green tick marks are the magnetic Bragg reflections and the blue line is the
difference plot. Only the crystal structure was refined, the magnetic structure was
simulated as described in the text. T ~35K

100 - :

Ll

Intensity (arb. units)
. 2. 8

)
S
Hlg

T
=
p—tn—if
F—e—

0 0 20 30 40 50
Temperature (K)
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b. LasRe3NiOs

Zero field cooled (ZFC) and field cooled (FC) magnetic susceptibility
measurements at fields of 0.05 T, 2.0 T and 5.0 T are 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 K and 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 T, of 36 K for LasResNiO6.b A plot of ¥T versus T is 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 K and 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
Re’ (S = 1; Cso = 1.00 emu-K/mol) and Ni** (S = 1; Cso = 1.00 emu-K/mol). For
LasRe3;NiOye, even at 300 K, the value of 4T 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) pg, which is much lower than the value calculated for
ferromagnetically coupled Re™ (S = 1) and Ni** (S = 1) layers (4.0 ug), but of course,
much larger than the ~ 0 pg expected for ferrimagnetic coupling. This suggests that
LasRe;NiOs 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 T at temperatures of 2 K, 12 K,
30K, 42 K and 100 K and 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 T, as 14 K.
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Figure 3.11. ZFC (darker shade) and FC (lighter shade) magnetic susceptibility
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Figure3.12. T versus T plot of LasRe;NiO;¢ using the ZFC data only. The horizontal
line is the sum of the calculated spin only Curie constants for Re’* (S = 1; Cso = 1.00
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LasRe3;NiOj calculated using the ZFC magnetic susceptibility data. The vertical line
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Heat capacity measurements on LasRe;Ni1O¢ 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, LasRe,;TaMgO,¢ are shown in Figure 3.14. After
subtraction of the lattice component, the heat capacity of LasRe;NiO¢ 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 LasResNiOj¢ 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
T, for this compound from the magnetic susceptibility and magnetization data. The
Fisher heat capacity of LasResNiOjg 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 of LasRe;NiOj¢ at higher temperatures (for example, at
38 K), indicating the assignment of T, as 14 K is correct. This contrasts with the

assignment of T, as 36 K for this compound reported previously.®
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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 C,,/T with respect to temperature leads to
a change of entropy of 3.68 J/K-mol for LasRe;NiOj6. This is comparable to the value
obtained for LasRe3CoQOj¢. The calculated entropy for this compound, with Re**
moments (S = 1) and Ni*" moments (S = 1) is 18.27 J/K-mol, 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 LasRe;NiOy¢, and the diffraction data at 4 K and 50
K are 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° 26). 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 LasRe;MnO,6, where the Mn moments are canted ~ 18° with respect to
the c-axis.” In addition, no magnetic reflections of indices (k h I/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 ¢ 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, Re’* (§= 1)
and Ni** (§ = 1), were fixed at 1.5 pp and 1.8 pg, 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 Rpag, Was
obtained when the net moment was canted 30(3)° away from the c-axis with a projection
of 45(5)° 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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Figure 3.14. Heat capacity measurements of LasRe3;NiO¢ in zero applied field (black
squares) and in a 7.0 T field (red circles). The heat capacity measured for the non-
magnetic lattice match compound is denoted by green triangles.
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Figure 3.16. Powder neutron diffraction patterns of LasRe;NiO¢ at 4 K (red circles) and
50 K (black circles). The peak marked with an arrow is the new magnetic Bragg
reflection, indexed accordingly. Note the absence of reflections of the type (+/-1 +/-1
1/2) and (+/-1 +/-1 3/2) — (green ‘X’s).

Fig. 3.17. Possible magnetic structure of LasRe;NiO;4, showing the moments on the Re
atoms (blue spheres, black arrows) and Ni atoms (purple spheres, grey arrows).



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University =~ 92

3.5 Summary and Conclusions

Detailed magnetic property studies on two isostructural pillared perovskites,
LasRe;Co0;6 and LasResNiOj¢, 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 1s now possible to assign a T of 14 K for the LasRe;NiO ¢ compound and T, ~
35 K for the Co phase. In addition, the appearance of the heat capacity peaks differs
between the two compounds. LasRe3CoO 6 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 LasRe;CoOgand ~ 1.5 T
for LasRe;NiO6. 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 LasResMnO; and LasRe;FeOys.° The Re®™ and M**
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moments within the layers are coupled ferrimagnetically, and the layers are coupled
antiferromagnetically.

In contrast, the magnetic structure of LasRe;NiOy¢ 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
antiferromagnetically.

At this stage it is useful to review the known magnetic properties of the
LasRe3;MO ¢ series. In Table 3.2, a slightly revised version of a table of collected

magnetic data (Table 7 from Chi er. al.®) is presented.

Table 3.2. Magnetic Data for the LasRe3;MOj¢ Series. The values in square parentheses
are from Chi et. al..°.

M @ T. T./S* Cexpt Cs’
(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) [1217(3)] 1436, 14] 14[36] 1.49(2) [2.29(1)] 2.00
Mg -424(28) [-575(12)] - - 0.81(5) [1.00(1)] 1.00

*The Curie constant based on the spin-only model.

In particular, the value for T, 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 T, value for the Ni phase results in the existence of two categories of
materials in terms of the T¢/S” 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 TC/S2 ratio



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 94

is, within the mean field approximation, proportional to the product of Jiyer (the
intraplanar exchange coupling) and (Gintra)®, the square of the intraplanar correlation
length.” 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 ;"' 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 study®, 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 (6)
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 8, 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 A#"
= 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.'® ! Re’" has only Ig electrons
while all of the A" cations have half-occupied e, levels. Magnetic exchange from half-

filled e, (on Mo empty eg (on Re’*) should always be ferromagnetic. Thus, one might
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normally expect to find the magnetic structure seen for the LasRe3NiO matenial 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, LasRe; ,Ta,BO,; (B = Mn, Fe, Co, Ni)

This chapter describes the synthesis, structural characterization and magnetic
properties of the series of compounds, LasRe; cTaxBO,¢ (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 Ta>* 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 LasRe;Re; xTaB0q6, (B = Mn, Fe, Co, Ni; x ~ 0.5), and because of
metal-metal bonding, the cations within the layers (~ 50% Re**/50% Ta’" and 100% B**)
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, LasRes \NbyMnOs, 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
LasRe3BOy6 (B = Mn, Fe, Co, Ni) series."* 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 LasRe;BO,¢ (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
LnsD24BO16, where Ln is a lanthanide ion; 4 and D are 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, corner-shared 40¢ and BOs octahedra
are separated by D0 dimer “pillars” that consist of two edge-shared octahedra. The
layers are about 10 A apart, and the dimers share corners 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, LasMo4.,8,016 (x = 0 and x ~
0.7 for B = Mn, Fe, Co, Ni, Mg)>”, rhenium, LasRe3BO s (B = Mn, Fe, Co, Ni, Mg)'™,
and osmium, LasOs3MnOs are 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 4 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 (T.) as high as 180 K.°
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Figure 4.1. Crystal structure of a “pillared perovskite”, LasRe; \TayBO;s. The La*" ions
are green spheres; the Re;O1y 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 corners.
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Examination of the rhenium-based family, LasRe3BO,¢ (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, Re’* (S = 1) and B** (S = 5/2 — 0, depending on B).
The critical temperature (T.) for long-range magnetic order decreases as the spin
quantum number () of the B> ion decreases, until S = 0 (Mg) where no long-range order
is evident.” According to mean field theory for layered compounds, T, is related to the
intraplanar correlation length (Eina), the interplanar exchange coupling (Jinter) and the
spin quantum number (S):°

Te ~ Eintra Jinter /K 4.1
When the $* 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 T,/S”
values of about 30, while for the Co and Ni compounds, TJ/S? is roughly half of that

amount.

Table 4.1. Magnetic Data for the LasRe;B0 ¢ Series.>*
B X T.(K) TJS(K) Cepe (emuwK/mol) C,,* (emu-K/mol)

Mn -48(5) 161 26 4.43(4) 538
Fe -84(4) 155 39 3.60(2) 4.00
Co -712(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

*The 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 of ferrimagnetically coupled layers, which are
then coupled antiferromagnetically.”* In contrast, in the Ni compound, moments within
the layers are coupled ferromagnetically, and the layers themselves are coupled
antiferromagnetically.® Application of the Goodenough-Kanamori rules for magnetic
superexchange predict predominantly ferromagnetic Re’ - B* couplings.m’ll Magnetic
exchange involving transfer from a half-filled e, level (as is the case for Mn", Fe**, Co**
and Ni*") to an empty e, level (as in Re’*) 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 LasRe;BO6. The initial goal was to completely
replace Re® (§ = 1) within the perovskite layers with non-magnetic Ta’* ions. Since Ta>"
has no electrons for metal-metal bonding, the Re’* preferentially occupies the dimer sites.
This exchange would further dilute the low-dimensional magnetic system, leaving the B>
ion as the only magnetic site in the compound, LasRe; . Ta,B0;6 (x = 1). By varying the
B* 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 - LasRe; xNbyMnQO¢, were also undertaken in an attempt to discern to

what extent the Ta®" substituted within the structure.

4.3 Experimental
Syntheses
The compounds LasRes xTaxBOs (x = 1) were synthesized by solid state reaction,
according to the following equation:

15 La;O;3 + 10 ReO; + 2 Re + 3 Tay0s5 + 6 BO — 6 LasRes Ta, B0 4.2
Stoichiometric amounts of the starting reagents, La;03 (99.9%, Aldrich), ReO; (Rhenium
Alloys), Re (Rhenium Alloys), Ta;0s (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 La,O3 was fired at 900°C
overnight before use. The “FeO” was prepared by heating a mixture of Fe;O3 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 of FeQ.'* Each sample pellet was placed into a platinum
crucible, which was sealed in a quartz tube under vacuum (~ 107 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 CuKa,;

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° <260 < 113° with 0.1° steps. Similarly, the magnetic structure data (4 K and
above) were measured at a longer wavelength of 2.36957 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 LaBg 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 LasRe;NiO;¢ 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 DualView 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 LasRe3NiO;¢ 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 K and 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 constants' for
the individual ions involved. For ReS+, 22 x 107® emu/mol was used, which is an
intermediate value between Re*" and Re®".

Heat Capacity Data

Heat capacity data were measured from 2 K (for LasRe; s TayNiO;6) or 10 K (for

LasRe; xTaxCoO16) to SO 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 LasRe; xTaxBOi¢
series of compounds was tentatively identified as La;TaO;, which remained even after
regrinding and refiring. As La;TaQ; 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 1150°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 1150°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 LasRes.
«TaxBO¢ 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 of LasRe; \TaxMnO6 from
22-32° 20, fired at three different temperatures. The green asterisks denote structural
reflections for LasRe; «Ta,MnOjs.

5000
— o — full Ta substitution
1 — ¢ — half Ta substitution -+
40004 : *
lI I
[
= " ;
= 30004 '
E i
= Il
&, .
= .
= 2000 -+ i
w
= T
g I
E | » 1|t
| :
¢ e

20 (degrees)

Figure 4.3. Comparison plot of the X-ray diffraction patterns of LasRe; xTaxMnO¢ from
22-32° 20, assuming full or half Ta substitution in the starting stoichiometry. The green
asterisks denote structural reflections for LasRe; 4 Ta,MnQOs.



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 108

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.«Ta,BO;¢ (B = Mn, Fe, Co,
Ni)

B Mn Fe Co Ni
a(A) 7.996(1) 7.974(3) 7.974(1) 7.947(2)
b(A) 8.021(1) 8.006(3) 7.996(1) 7.992(2)
c(A)  10243(2)  10.195(5) 10.186(2) 10.185(2)
a(®) 90.12(1) 90.66(3) 90.20(1) 90.26(1)
BEO) 95.16(1) 95.36(4) 94.99(1) 94.89(1)
7 89.97(2) 89.99(4) 90.02(2) 90.00(2)
V(A)  654.28(2)  647.96(4) 646.99(2) 644.51(2)

R, 0.0453 0.0850 0.0412 0.0452
Rup 0.0597 0.111 0.0578 0.0631

o 10.8 37.5 9.64 11.7

Rs 0.0908 0.162 0.0731 0.0884

Atomic co-ordinates are provided in the Chapter Appendix. It is clear that LasRe;.
xTaxBO16 (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 Re**)*and 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 LasRe; s\ TayBO¢:
a) Mn, b) Fe, c) Co, d) Ni. The top Bragg reflections are for the major phase, and the
lower Bragg reflections are for La;TaO;. For the Fe sample, a second impurity, LaFeO;
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 LasRes. TaxMnO,¢. 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
clements 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 LasRe; xTayMnQO,¢ 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

O 63.75 64.00 64.00



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 111

200 um

Figure 4.5. SEM image of LasRe; <Ta,MnOs, showing the granular, homogeneous nature
of the sample.
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Figure 4.6. SEM-EDS spectrum of the elemental composition of LasRe; 4 Ta,MnOs.
Note the distinct Re and Ta peaks at higher energy.



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 112

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, LasRe; xTayMnOi¢. Table 4.4
reports some of these d spacing values from TEM, in addition to the experimental d
spacings and indices for LasRe; \Ta,MnQ¢, 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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0.5 ﬂ

Figure 4.7. TEM image of crystallites of LasRe; «\TaxMnO¢, and their tendency to
overlay. Inset — High resolution image of the sample, highlighting the packing habit.
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Figure 4.8. TEM diffraction pattern of a single crystal of LasRe; xTaxMnQys.
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Table 4.4. Diffraction Image Analysis of LasRe; xTaxMnO,¢ and Comparison with
Pillared Perovskite Phase.

TEM Diffraction hkl
d spacing d spacing  Indices
A) (A)
5.61 5.636 110
5.633 1-10
5.08 5.071 -1-11
5.06 5.066 -111
4.00 3.997 020
3.97 3.972 200
2.83 2.828 1-13
2.827 113
2.69 2.702 203
2.68 2.672 221
2.672 221
2.59 2.588 0-23
2.585 023
1.93 1.917 401

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 of LasRe; xTaxMnQ;¢ and Calculated Atomic Percentages.

Element Experimental Experimental Calculated Calculated
EDS -Spot1l 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
O 58.52 57.18 64.00 64.00
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Figure 4.9. TEM-EDS spectrum of the elemental composition of LasRe; xTaxMnO .
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, LasRe3NiOjs 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 of LasRe3;NiO,6 and Calculated Atomic Percentages.

Element Experimental Experimental Average Calculated
EDS-1 EDS -2 Experimental Atomic %
Atomic % Atomic % Atomic %
La 33.60 39.02 36(3) 20.00
Re 12.82 13.18 13.0(2) 12.00
Ni 5.10 5.07 5.08(2) 4.00
0O 48.49 42.74 46(3) 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 [Nb.MnO 4

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
Nb2Os (99.9985%, Alfa Aesar) in place of Ta,Os for the Mn member of the series was
attempted. Niobium has approximately the same radius as rhenium (0.78 A versus 0.72
A)" 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 1150°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, La;NbO; and LaNbQOy, 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 LasRe; \NbyMnOg

LasReg-beanOm
a(A)  7.9963(1) a®)  90.127(2)
b(A)  8.01538(9) B 95.159(1)
c(A) 10.2414(1) 7(%) 89.970(3)
V(A%  653.747(1)
R, 0.0733
Ry 0.0972
v 1.908

Using the method of Hill and Howard", the weight percentage of the impurities
were calculated as 5.35% LaNbO4 and 12.91% LasNbQ, 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 LasRe;NbMnOjs. 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 Re’" ions within the perovskite layers.

Since it is evident that approximately 50% Nb was incorporated into the LasRes.
«NbMnO g 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 LasRes.

«NbxMnO6. The top Bragg reflections are for the major phase, and the lower Bragg
reflections are for LasNbO; and LaNbOy, respectively.
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Figure 4.11. Comparison plot of the X-ray diffraction patterns of LasRe; \NbxMnO
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from 22-32° 20, assuming full or half Nb substitution in the starting stoichiometry. The
green asterisks denote structural reflections for LasRe; x\NbxMnOs.
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LasRe;04p, LaMnO3;, LasNbO; and LaNbQ,. One possible hypothesis for the lack of
formation of LasRe; xNbyMnO;s 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 LasRe;019, LaMnQ;3, LazNbO; and LaNbQOj) 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 LasRes.
NbMnO¢ 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 LasRe; xNbyMnO,¢ and Calculated Atomic
Percentages.

Element Experimental Calculated Calculated

EDS 50% Nb 100% Nb

Atomic % Atomic % Atomic %
La 24.13 20.00 20.00
Re 7.51 10.00 8.00
Nb 1.51 2.00 4.00
Mn 4.05 4.00 4.00
0] 62.80 64.00 64.00
Total 100 100 100

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 of LasRes «NbyMnOs, showing the granular, homogeneous
nature of the sample.

Counts hd92larenbmn-2 FS=585
b La
500
400
E La
300
200- Re
1 Re
R Re La
190.: Nb Mn
1 Nb
Mn Mn
0 ola
r—————
0 2 4 6 8 10 *Vv

Figure 4.13. SEM-EDS spectrum of the elemental composition of LasRe; xNbyMnOs.
Note the distinct Re and Nb peaks.
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Figure 4.14. TEM-EDS spectrum of the elemental composition of LasRe; x\Nb,MnOs.

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 of LasRe; xNbxMnO;¢ and Calculated Atomic
Percentages.

Element Experimental Experimental Calculated  Calculated
EDS-Spotl EDS-Spot2  50%Nb 100% Nb

Atomic % Atomic % Atomic % Atomic %
La 19.16 43.23 20.00 20.00
Re 7.51 11.21 10.00 8.00
Nb 1.94 2.40 2.00 4.00
Mn 3.41 7.08 4.00 4.00
@) 67.98 36.08 64.00 64.00

Diffraction images (Figure 4.16) were also collected, d spacings measured and
compared to the phases present in the sample (LasRe; (Nb,MnO,¢, LazNbO; and
LaNbQO,). 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 44/ 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 of LasRe; xNbMnOs, and their tendency to
overlay. Inset— High resolution image of the sample, highlighting the packing of the
grains.
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Figure 4.16. TEM diffraction pattern of a single crystal of LasRe; .Nb,MnOs.
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Table 4.10. Diffraction Image Analysis of LasRe; xNbyMnQOs and Comparison with
Pillared Perovskite Phase.

TEM Diffraction hkl
d spacing d spacing  Indices

A) (A)

4.00 4.009 020

3.16 3.156 0-22
3.150 022

2.51 2.521 3-10
2.522 310

2.49 2.497 311
2.498 -3-11

227 2273 1-14
2270 11

All 1n all, it is obvious from the combination of SEM-EDS and TEM-EDS data
and X-ray powder diffraction that approximately 50% niobium is substituted within the
perovskite layers of LasRe; xNb,MnOs. This is also consistent with the SEM-EDS and
TEM-EDS findings for LasRes «TaxMnO,s. Although not microscopically investigated
directly, by analogy the other LasRe; xTaxBO;6 compounds (B = Fe, Co, Ni) should have
approximately 50% tantalum substitution as well.

Magnetic Properties
LasRe; . Ta MnOs

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. Ata
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 K and a sharp decrease at lower temperature.



Heather L. Cuthbert, Ph.D. Thesis, Department of Chemistry, McMaster University 126

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 LasRe;MnO (inset, Figure 4.17).'* However, there
are some distinct differences.

The ZFC/FC data for LasRe3sMnO¢ 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 LasRes.xTa,MnOs, the random replacement of some of the magnetic Re’*
within the layers with non-magnetic Ta’* 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 B> 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 4°* 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 (yT) 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 LasRe; 4\ Ta,MnO¢. Inset — ZFC/FC
susceptibility data for LasResMnOys.
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Figure 4.18. % T versus temperature plot for LasRe; xTa,MnQO¢. The horizontal line is the
estimated spin-only Curie constant. /nset — Fisher heat capacity for LasRes; Ta,MnOe.
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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% Re”* within the layers
(S=1, full C=1.00 emu K/mol) and 100% Mn*" (§ = 5/2, 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 ¢ T plotted against temperature (inset Figure 4.18), or the so-
called Fisher heat capacitym, 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 of long-range magnetic
order.

The magnetization of LasRe; «Ta,MnOs, plotted as a function of applied field, at
temperatures of 5, 80, 120, 155, 165 and 250 K is pictured in Figure 4.19. Atall
temperatures, the magnetization at highest field falls far short of the expected saturation
moment of 5 pg 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 K all show hysteresis at low fields, with a maximum remanence value at 80
K of 0.3 pg. 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 LasRe; xTa,MnO g 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 T in the 2.5 K curve was found. The
cause of this second metamagnetic-like transition could be related to the canting of the
Mn?* spins, which was observed in the variable temperature powder neutron diffraction
measurements.

LasRe; . TaFeOs

ZFC/FC magnetic susceptibility data, measured from 2 to 300 K are 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
LasRe; TasFeQ is very similar to that reported for L.asRe;FeO,¢ (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 LasRe;FeOi6 and 135 K
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for LasRes xTaxFeOi¢), which could be due to some magnetic impurity phases in the case
of LasResxTaFeOys. Also, the ZFC data of LasRe;.«TaFeO, show two broad but
significant features at lower temperatures due to short-range order, which is not obvious
in the LasResFeO ¢ sample at all. As discussed previously for the LasRe; <TaxMnOys
data, this could be due to the random Ta>" 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 T 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% Re’* within the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>