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Abstract

Topotactic routes have been used to produce new materials with tunable electronic
and magnetic properties. The host materials were the single and triple layered Ruddlesden-
Popper compounds, NaLnTiO,4 (Ln = La and Gd) and A,La,TizO10 (A = Li and K). These
compounds consist of [LnTiO,] and [La;TisO10]*, respectively, perovskite layers
interleaved with two alkali metal ion strata. The topotactic routes used in this research
were ion exchange and intercalation. lon exchange was used to replace the cations in the
interlayer space with a cationic unit: vanadyl or the transition metal ion, nickel. This ion
exchange route opens the structure to further chemistry because each alkali metal ion is
replaced by a divalent ion and a vacancy. In these vacancies other atoms can be inserted.
Reductive intercalation with alkali metals is of special interest due to their propensity for
forming mixed valence compounds. Mixed valency is usually correlated with
semiconductive, metallic or superconductive behaviors, and unusual magnetic properties
(CMR).

Nag1(VO)o.4s5LaTiO4, Nag0s5(V0)0.4sGdTiO4and LigsNiggsLa, TisO1 have been
obtained by ion exchange reactions. Also, the reactivity of Nag0s(V0)0.4sGdTiOy,,
(VO)La,Tiz010 and Lig3NiggsLaz TisOq is probed by an intercalation reaction with n-BulL.i.
Lithium insertion between the perovskite blocks reduces the titanium in the perovskite
sheets and produces new mixed valence titanates. Lithium intercalation in the vanadyl
compounds, Nag 05(V0)0.4sGdTiO, , as well as (VO)La,TizO10 gives rise to new magnetic
properties. The crystal structures, thermal behavior, electronic and magnetic properties of

these new compounds will be discussed.

Xiii



Chapter 1
Introduction and Background

1.1. Overview

Layered oxides with perovskite related structures have the general formula
Am[A’n-1BinOsns1], where A’ 1B, O3 1s the perovskite strata, A is an interlayer cation usually an
alkali metal, B is a transition metal and A’ is an alkaline or rare earth metal. When m = 2 the
phase is called a Ruddlesden-Popper layered perovskite. In the Ruddlesden-Popper series,
K,La,;Ti30 is a catalyst for the water splitting process, La; x\BaxCuO4 and Sr,RuQ4 are
superconductive, Sr4V30 7 and LagNi3O;g are metallic and La,.,xSr;+2xMn,07 is collosal
magnetoresistive.l'?! Traditionally these materials are prepared by high temperature ceramic
methods. In terms of chemical reactivity, it has been shown that the interlayer cations can be
exchanged with other cations or cationic units by low temperature, topochemical reactions."!
Low temperatures (T < 500 °C) offer the potential for making new compounds with targeted
properties. Topochemical reactions are driven by the crystal structure rather than by the chemical
nature of the reactants. In this manner, the basic crystal structure of the parent phase remains the
same, except for the corresponding changes in the lattice parameters necessary to accommodate
the new species. Topochemical methods include ion exchange, intercalation/deintercalation,
exfoliation and dehydration/condensation reactions. These methods provide access to a wide
variety of metastable phases that cannot be formed by traditional solid-state reactions.

This research was focused on such topotactic routes to produce new materials with

tunable electronic and magnetic properties. In this work the host materials are the single, the

double, and triple layered Ruddlesden-Popper compounds, NaLnTiO4 (Ln = La and Gd),



K,SrTa,07, A,La,Ti3049 (A = Li, Na, K), and Na,Gd,Ti,MnO;o. NaLnTiO4 (Ln = La and Gd)
and A,La,Ti301 (A = Li, Na, K) consist of [Ln,Ti3010]* perovskite layers interleaved with two
alkali metal ion strata. K,SrTa,0- has [SrTa,0]" layers interleaved with two K ion sheets. The
topotactic routes used in this research are ion exchange and intercalation. Ion exchange was used
to replace the cations at the interlayer space with a cationic unit, vanadyl or with a divalent
transition metal ion, such as nickel, manganese and iron. In addition, the ion exchange route
opens the structure to further chemistry. When the monovalent alkali metals are replaced with
divalent ions or cationic units, in order for the charge balance to be maintained, one divalent unit
replaces two monovalent ions. Therefore, the interlayer space in the ion exchanged product has
empty sites. On these empty sites, an alkali metal can be inserted. Intercalation of alkali metals is
of special interest due to their propensity for forming mixed valence compounds. Mixed valency
is usually correlated with semiconductive, metallic or superconductive behaviors, and unusual
magnetic properties (e. g. CMR). Herein, will be presented the structural and physical
characterization of Nag 1(VO).4sLaTiO4, Nag ¢s(VO)0.48GdTi04, Lig3NiggsLarTi301o,

Mny sLa, T30, and Feg 6,La,Ti30,0 obtained by ion exchange reactions. Also, the reactivity of
Nag 05(V0O)0.48GdTi04, (VO)La,T1301¢ and Lig 3Nig gsLa,Ti304 is probed by an intercalation
reaction with n-BuLi. Lithium insertion between the perovskite blocks reduces the titanium in
the perovskite sheets and produces new mixed valence titanates. The magnetic and electronic
properties of these materials are discussed in correlation with the amount of intercalated lithium,

which is ultimately related to the Ti*"/Ti*" ratio.



1.2. Perovskites and Layered Perovskites

The perovskite oxides of a general formula ABOs, where A is an alkali, alkaline
transition metal or rare earth metal and B is usually a transition metal, represent one of the most
important classes of solid-state materials. The perovskite structure is shown in Figure 1.1. It can
be described as a three dimensional network of corner sharing BOg octahedra. In this geometry
the A cations are at the body center of the cubic cell, surrounded by twelve oxygen anions. The
significance of this class of materials arises from their compositional diversity. In addition, they

have very interesting and varied electric, magnetic and optical properties.

e .o. ®

Figure 1.1 The perovskite structure. The octahedra are BOg units. The red atoms are oxygen and
in the middle of the eight corner sharing octahedra, the A cation is represented in green.
Although the ideal perovskite is cubic, the majority of ABO3; compounds exhibit
distortions resulting from: a) rotation or tilting of the BOg¢ distortion-free polyhedra; b) first and
second order Jahn-Teller distortion of the BOs octahedra, reflecting mixing of molecular orbitals

coupled or not with lone pair effects.”” This distortion changes the bond lengths for the A-O



and/or B-O connectivity, and causes the ideal perovskite symmetry to lower from cubic to
tetragonal or orthorhombic.

These compounds constitute an active area of research, in the recent discovery of high
temperature superconductivity in the layered perovskites, La,\BaCuO4 and Sr,RuO4 (1986,
1994), followed by the colossal magneto-resistance effect in Lay 5xSr1+2xMnyO7 (1993).1'
Important examples of other classes of layered perovskites include the Dion-Jacobson series and
Ruddlesden-Popper phases.!** These compounds are best thought of as intergrowth structures of
perovskite strata interleaved with cationic units. The triple layered Ruddlesden-Popper oxide

(Figure 1.2) and double layered Dion-Jacobson (Figure 1.3) compounds are represented below.

Figure 1.2 Idealized triple layered Ruddlesden-Popper perovskite structure, A,L.n,M;0,.
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Figure 1.3 The structure of the double layered Dion-Jacobson, ALn,M;05.

Ruddlesden-Popper (RP) and Dion-Jacobson (DJ) oxides have the general formulas
As[A’1.1BhOsnt1] and A[A’1BnOsnr1], where A can be an alkali metal, A’ an alkaline or a rare
earth metal and B a transition metal cation.!”-*! The basic difference between the two is that the
RP oxides have a higher charge density as compared to the DJ series. The interest in these
compounds has increased since the discovery that the interlayer space alkali cations can be
replaced with other cations or cationic units while maintaining the layered perovskite structure.
Such a reaction is governed by the crystal structure and is called topotactic. These routes allow
the maintenance of the basic crystal structure of the parent phase and provide access to a wide
variety of phases that cannot be formed by traditional solid-state reactions. Examples of
topotactic reactions are ion exchange, reductive (oxidative) intercalation (deintercalation),

condensation and exfoliation.” %!



The main goal of this research was to extend the use of such soft chemistry methods to
produce new compounds with tunable properties as a function of chemical composition. Another
ambition of this exploration was to establish structure-properties relationships that would help in

the rational design of a variety of compounds.

1.3. Solid State Synthetic Methods

Solid-state materials are traditionally synthesized using high temperature “heat and beat”
solid-solid reactions, hydrothermal techniques or sol-gel methods.!"”! The oldest but still the most
widely used synthetic method is to mix the powder reactants and fire them at high temperatures
for long periods. A very good mixing is required in this case, because solid-solid reactions are
diffusion limited. For instance, in the synthesis of MgAl,O4, the precursors, MgO and Al,O3,
should be weighted in the appropriate amounts and then intimately grinded. The effect of
grinding is to ensure a high surface area of contact between the reactants. Also, it is sometimes
useful to use intermediate grindings to bring fresh surfaces of reactants into contact.!'”!

Some of the desired structural features of a material, such as a specific sequence of
atoms, are very difficult to control thermodynamically. Soft chemistry offers an alternative for
controlling these features at the kinetic level.!'" In the RP and DI series, the interlayer cations
can easily be exchanged at low temperatures. This leads to the formation of new phases that can
be either layered or three dimensionally bonded. The enormous number of new compounds
synthesized has demonstrated the success of ion exchange reactions. lon exchange reactions have
lead to new metastable triple layered RP phases, such as MLa,Ti;0,o (M = VO, Ca, Li, Co, Cu,

Zn) and H,La,Ti30,0.""*" In our group, using a two-step low temperature route (ion exchange



and then reductive intercalation), mixed valence RP compounds with semiconducting behavior
such as Naj_y+yCay,LaTiO4 and Nay.«+yCaynLa,Ti3010 have been obtained.?>?’!

In the case of RP and DJ compounds, usually the lithium compound cannot be
synthesized by direct methods. It can only be obtained by a molten state reaction between one of
the bigger alkali metal homologues and lithium nitrate in a very big molar excess."”! Similarly,
by using eutectic mixtures of KCl and MCI1 (M = Co, Cu, Zn), new members of the single and
triple RP series Mo sLaTiO4 and MLa,Ti30,0 have been prepared.”**** Another approach is an
aqueous solution reaction. This method allowed the synthesis of many compounds such as the
vanadyl analogue, (VO)La,Ti30, the calcium compound Cala,Ti30,¢, and the hydrogen forms
of the triple and the double RP perovskites, HyLa;Ti30;¢ or H,SrTa,07.7 18225 Thege hydrogen
forms can condensate to the defective perovskite phases La;Ti309 and SrTa,O¢ by eliminating
one water molecule.!*!*"]

A very elegant way to synthesize new materials is to introduce in a structure new atoms
into vacant sites (intercalation) or to selectively remove certain atoms (deintercalation) while
keeping the same basic structure.!'” Most of these intercalation/deintercalation reactions involve
the addition or removal of ions, and therefore, in order to maintain the charge balance, electrons
must be added or removed. The importance of intercalation reactions is represented by lithium
intercalation in anatase (TiO;). This compound changes from an insulator into a superconductor
upon lithium intercalation.!”* In the RP oxybromide, Sr,CuO,Br», lithium intercalation produced
a superconductor.** Graphite is probably the classic example where its structure is very open to
intercalation chemistry. Graphite can intercalate alkali cations, halide anions, ammonia, amines,

oxysalts and metal halides.!"”



RP oxides can be transformed by ion exchange such that their structure opens up to
cationic or anionic intercalation chemistry. Using a two-step low temperature route (divalent ion
exchange and then reductive intercalation), mixed valence RP compounds, with semiconducting
behavior, such as Naj.x+,Cay»LaTiO4 and Na,_.+yCaynLarTi3010 can be obtained.”>?! The
essence of this method is the formation of a volatile compound that can migrate and eventually
absorb itself into the stationary phase. The volatile compound can be an alkali metal, an azide or
a hydride of an alkali metal, a halogen, and oxygen. In the case of the alkali metal, the reaction is
performed in a sealed tube at 100-200 °C, having the powder at one end of the tube and the metal
at the other end. The reaction works best if a temperature gradient exists in the tube, such that the
volatilization and the intercalation of the alkali are facilitated.!"’ Another approach is to use a
reducing organometallic combination, such as n-BuLi in an inert atmosphere. In this case stirring
and heating can help the reaction proceed faster.">! Lithium insertion can also be carried out

electrochemically. This method has the advantage of a very good control of lithium content.!'>**

1.4. Elemental Analysis: Energy Dispersive Spectrometry and Inductively

Coupled Plasma

In examining a solid, it is worthwhile to look at the powder at higher magnification. For
such purposes, one can use an optical microscope (down to a few micrometers), a SEM
(scanning electron microscope, for 107 to 10> um), a HREM (high-resolution electron
microscope, for atomic scale information) or a TEM (transmission electron microscopy). The
basic principle for microscopy is to have an electronic beam emitted from a tungsten filament

and accelerated through a high voltage (50-200 kV) hit the sample. When this happens, X-rays



and secondary electrons are emitted. The first are used in elemental analysis and the second build
an image of the sample surface.!"”) SEM is a very powerful technique in giving valuable
information about particle size and morphology, sample texture and even crystal defects. Some
SEM and TEM instruments also provide an elemental analysis of the sample. SEM coupled with
EDS (energy dispersive spectrometry), allows not only a visual inspection of the sample but also
an elemental analysis of it. The elements present in the sample can be semiquantitatively or even
quantitatively (if standards are used) determined. When the sample is placed under the
microscope and bombarded with high-energy electrons, they generate the X-rays. These are
characteristic emission lines for the elements present. By scanning their dispersive energy, one
can identify and quantify elements, starting with sodium and heavier elements.

For lighter elements, other techniques are available, such as Auger spectroscopy,
electron energy loss spectroscopy (EELS) or inductively coupled plasma emission spectroscopy
(ICP)." In this study ICP and SEM/EDS were used. The analytical principle used in the ICP
systems is optical emission spectroscopy. A liquid is nebulized and then vaporized in the Argon
plasma. The atoms and ions contained in the plasma vapor are excited into a state of radiated
light (photon) emission. The radiation emitted can be passed to the spectrometer optics, where it
is dispersed into its spectral components. From the specific wavelengths emitted by each
element, the most suitable line for the application is measured by means of a charge coupled
device (CCD). The radiation intensity, which is proportional to the concentration of the element
in the sample, is recalculated internally from a stored set of calibration curves and can be shown
directly as percent or measured concentration. The principal accomplishment of the ICP

spectroscopy is that it makes possible the analysis of all of the elements and even combinations



of elements. The main drawback, especially for solid-state chemistry, is that sometimes the

samples are only partially soluble in the most common solvents.

1.5. Crystal Structure and Rietveld Refinement

The most important step in characterizing a new solid-state material is to determine its
crystal structure. The arrangement of atoms in the configuration that minimizes the electrostatic

[26.27] The simplest repeating unit

interaction or maximizes the symmetry is the crystal structure.
that shows the whole symmetry of a crystal is a unit cell. The determination of the unit cell
involves the unit cell dimensions and the fractional coordinates of the atoms present in the
crystal. The various types of three dimensional unit cells are named after August Bravais (1811-

1863) a French crystallographer who first described them mathematically.***”! A three
dimensional Bravais lattice consists of all points with position vectors, R, of the form:

R=na, +n,a, +n;a, (1)
If the unit cell has one equivalent point at each corner, then it is called primitive, P. If there is an
additional point in the middle of each cell, then a body centered lattice is formed, I. When the
cell has equivalent points at each corner and in the middle of each face, the cell is called face
centered, F. There are seven crystal systems, which make up fourteen Bravais lattices and they
are listed in Table 1.1. Translating a point through the vectors of any Bravais lattice, 230

6281 The points in a Bravais lattice that are the

different symmetry groups can be obtained.!
closest to a given point are called the nearest neighbors. Because of the periodicity of the lattice,

each point has the same number of neighbors. A volume of space that, when translated through

all of the vectors in a Bravais lattice, fills the space without overlapping or leaving voids, is
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called the primitive cell of the lattice. A conventional cell can also be chosen, though they are
usually bigger than the unit cell. Another type of primitive cell is the Wigner-Seitz cell; this has

(26271 7o describe various directions and distances, it is

the full symmetry of the Bravais lattice.
necessary to imagine a set of parallel planes identified by integers called Miller indices. Figure
1.4 presents an example of a unit cell and the face (111) that cuts all three axes at 1 unit length
has the parameters la, 1b, 1c. Inverting these, results in 1/1, 1/1, 1/1 to give the Miller index

(111). The square face that cuts the positive a axis, has the parameters 1 a, © b, oo c. Inverting
these becomes 1/1, 1/o0, 1/00 to give the Miller Index (100). The face on the back of the crystal
that cuts the negative a axis has the parameters -1a, o b, o ¢. Therefore, its Miller index is (1

11). A negative intercept is indicated by putting a minus sign above the index. Thus, the other 4

faces seen on this crystal would have the Miller Indices (001), (001), (010), and (010).12%*"

Q) 0'»\
@'\r
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b : > b

= (T00)
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c

Figure 1.4 Miller indices.
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Table 1.1 Description of the 14 Bravais lattices among the seven crystal systems.

Crystal System No. Unit Cell Coordinate Description
Triclinic 1 Primitive atb#c
aFf#y
Monoclinic 2 Primitive
azb#c
3 Body Centered a=p=90°#y
Orthorhombic 4 Primitive
5 Base Centered azb#c
a=pF=y=90°
6 Body Centered
7 Face Centered
Tetragonal 8 Primitive a=b+c
9 Body Centered a=p=y=90°
Trigonal 10 Primitive a=b=c
a=p=y<120° #90°
Hexagonal 11 Primitive a=b#c
a=p=90°y=120°
Cubic 12 Primitive
13 Body Centered a=b#c
a=pF=y=90°
14 Face Centered

There are, at this time, two techniques capable of providing phase recognition and these
are X-rays and neutron diffraction data. X-rays are scattered by electrons that surround the
atomic nuclei and neutrons by the atomic nuclei. The scattering power for the X-rays is
proportional to the electron density in the sample. The heavier the element, the better it will
diffract. X-rays are short wavelength (comparable with atomic distances), high-energy
electromagnetic radiation. They are produced when matter is irradiated with a beam of high
energy electrons or photons. A 40 kV electron beam from a heated tungsten filament hits a

copper anode target. The incoming beam ionizes the Cu Is (K shell) electrons. An electron from
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http://www.coolphysics.com/crystals/bravais/triclinic/triclinic.htm
http://www.coolphysics.com/crystals/bravais/triclinic/primative_triclinic.htm
http://www.coolphysics.com/crystals/bravais/monoclinic/monoclinic.htm
http://www.coolphysics.com/crystals/bravais/monoclinic/primitive_monoclinic.htm
http://www.coolphysics.com/crystals/bravais/monoclinic/body_centered_monoclinic.htm
http://www.coolphysics.com/crystals/bravais/orthorhombic/orthorhombic.htm
http://www.coolphysics.com/crystals/bravais/orthorhombic/primitive_orthorhombic.htm
http://www.coolphysics.com/crystals/bravais/orthorhombic/base_centered_orthorhombic.htm
http://www.coolphysics.com/crystals/bravais/orthorhombic/body_centered_orthorhombic.htm
http://www.coolphysics.com/crystals/bravais/orthorhombic/face_centered_orthorhombic.htm
http://www.coolphysics.com/crystals/bravais/tetragonal/tetragonal.htm
http://www.coolphysics.com/crystals/bravais/tetragonal/primitive_tetragonal.htm
http://www.coolphysics.com/crystals/bravais/tetragonal/body_centered_tetragonal.htm
http://www.coolphysics.com/crystals/bravais/trigonal/trigonal.htm
http://www.coolphysics.com/crystals/bravais/trigonal/primitive_trigonal.htm
http://www.coolphysics.com/crystals/bravais/hexagonal/hexagonal.htm
http://www.coolphysics.com/crystals/bravais/hexagonal/primitive_hexagonal.htm
http://www.coolphysics.com/crystals/bravais/cubic/cubic.htm
http://www.coolphysics.com/crystals/bravais/cubic/primative_cubic.htm
http://www.coolphysics.com/crystals/bravais/cubic/body_centered_cubic.htm
http://www.coolphysics.com/crystals/bravais/cubic/face_centered_cubic.htm

2p or 3p falls on the vacant 1s orbital, and the energy released is the X-ray radiation.!'>**" If the
transition is from 2p to 1s, then Cu K, line is emitted. If the electron drops from 3p in 1s then Cu
Kg is emitted. K, transitions occur more frequently than Kg and they are more intense. The
wavelength of the emitted X-rays is related to the atomic number, Z, of the metal target (Cu) by
Moseley’s law.

A =C(Z-0) )

When X-rays irradiate a periodic array of atoms, diffraction occurs in a multitude of
directions. The scattered waves propagate in space until they meet each other. This interference
can be constructive at some angles or destructive at other angles depending on the distance
between the scatterers and the wavelength of the radiation. P. Ewald developed the most pictorial
method of describing the diffraction phenomenon.**! Ewald’s method is based purely on
geometrically considerations and the reciprocal space. Ewald sphere is depicted in Figure 1.5.
Instead of using the dyy vectors, the correspondent vectors in the reciprocal space, d*hkl, should
be used, with d"yq = 1 / dia.*® Considering a cross section around a real crystal through an
imaginary sphere (Figure 1.5) of a radius 1/A, where A is the wavelength of the X-ray radiation.
The reciprocal lattice of this crystal is tangent to the sphere at the point where the X-ray beam
enters, from the left, passes through the crystal, and exists on the right. Rotating the sample (in

the middle) in the beam, one plane of atoms will be brought in the contact with the sphere.

1 dy, . 04 ”% :
CO = 7 and OA4 = > therefore sin @ = 0 = —-*4 orrearranged A =2dsind (3)

2
A
Many materials in nature are found in a polycrystalline form or a powder. A powder

consists of a large number of tiny crystallites in all possible orientations. When a powder is

placed in an X-ray beam, diffraction from each plane will occur at its characteristic 6. If the
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experimental angle 6, is changed to 26, all of the possible peaks arising from differently oriented
crystallites will be produced. Each crystallite has its own reciprocal space with a specific
orientation in the X-ray beam. The diffracted intensity will originate at the crystallites in the
center of the sphere and project outward producing a cone of diffracted intensity. These cones

will intersect a film placed normal to the beam and produce a set of concentric circles called

Debye rings each associated with a single (hkl).?**]
hkl
A d*hkl
X-rays 6
m— : @)
Cc  radius

1/A

Figure 1.5 Ewald sphere of reflection.

These planes are characterized by certain interplanar distances dyx, which are a function
of the size and the shape of the unit cell. The interplanar spacings for the seven Bravais lattices
are given in Table 1.2. Other factors that influence a powder pattern are the atomic numbers and

the positions of the atoms in the cell.*”!
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Therefore, a powder pattern has two characteristic features, the d spacings of the lines,
which are characteristics of the unit cell, and their intensities, which are characteristic for the
arrangement of atoms in a specific unit cell.

Table 1.2 Interplanar spacings for the seven Bravais lattices.

Unit cell Interplanar spacing
Cubic V=2 + K+ 1)/ a
Tetragonal Ud =[(h*+ k%) /a’] + 1P/ ¢

Orthorhombic 1/d* = (h* /a%) + (kK / b°) + (I°/ ¢)

Hexagonal 1/d” = 4/3[(h* +hk+ k%) /a’] + I*/ ¢
Monocline 1/d* = (1 /sin®B)[(h* / a®)+ (K* sin’B /b%) + (1*/ ¢*) — (2hlcosP/ac)]
Triclinic 1/d> = 1/V*[h?b*c’sin’a + k*a’c’sin2p + %a’b’sin2y + 2hkabe® (cosocosp -

cosy) + 2kla’be (cospcosy - cosa) +2hlab’c (cosacosy - cosp)

The intensity of a diffraction peak depends on a number of independent phenomena such
as electron and atomic scattering, interference effects, anomalous scattering and thermal motion

of atoms. The intensity scattered by an electron is given by:

I:I—O{ e22:|21+c052(2(9) @)

where I is the intensity of the incident beam; e is the electron charge; m, is the mass of the

electron; c is the light speed and r is the distance from the scattering electron to the detector.
Because the atomic dimensions are of the same order of magnitude with the wavelength

of the radiation used in diffraction experiments, interferences occur. For a powder, the phase

shift makes the interference partially destructive. To describe this phenomenon a quantity fj,
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called the atomic scattering factor, is used. At 0 =0, fy will be the number of electrons
surrounding any atom. Because the phase difference depends on the wavelength and the angle of
view, fy will be a function of (sin)/A. Another correction is anomalous scattering.[26’27] This
needs to be employed only when the wavelength of the scattered X-ray is near an absorption
edge. Anomalous scattering is caused by a lag between the emitted photon (coming from a
transition to a state with energy near the absorption edge) and a normal scattered photon.*”! This
produces an interference effect that appears as an anomalous change in the scattered intensity.
The next correction involves an atom vibrating around a lattice site.*”! This gives rise to large
interference effects because the atom will be virtually larger. This is described by B, the Debye-
Waller temperature factor, where B = 8°U?, and U? is the mean square amplitude for the

vibration of the atom. The effect of the atom vibration on the atomic structure factor f is:

)

=7 exp[_ Bsin 9]

/12

If the surroundings of the atom have cubic symmetry, B will be isotropic. Most atoms in
solids have special directions along which they can vibrate, so B in this case will be anisotropic.
The net scattering from all of the atoms in the unit cell is the vector sum of the individual atomic

scattering vectors, f;, and is called the structure factor, Fiy.
Foo = f explezilix, + ky, +12, ) (6)
j=1

where m is the number of atoms in the unit cell. The observed intensity for any Bragg reflection
is|F il |2 . Translational symmetry generates phase relationships between the scatterings coming

from symmetry related atoms, causing certain classes of reflections to have exactly zero

intensity. These impose systematic extinction conditions on the h, k, I indices that are
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characteristic for a certain Bravais lattice. Before calculating the diffraction pattern, one will
need to correct for the multiplicity of the Bragg planes, the Lorentz factor, extinction, absorption
and monochromator polarization.**>*

In a structure determination, an important step is the data collection. In general, one
needs a minimum of 50 lines for a complete identification and as many as possible at low angles.
A scan with an instrument that uses Cu Ko radiation should begin about 20 = 5° and end above
20 = 80°. For well-crystallized materials, the step size is 20 = 0.02°. Once the data collection is
finished, a smoothing and a background subtraction may be necessary prior to the indexing of the
diffraction pattern. Once the unit cell has been found, the associated space group must be
determined, starting from the most symmetric with a continual reduction in symmetry until a
good agreement is reached. Only after having a good unit cell and the right space group, one can
proceed to the actual determination of the structure. The final and probably the most time
consuming step is the completion of the structure determination, which is the Rietveld
refinement.” The Rietveld method introduced in the late 60, is a least squares refinement that
minimizes the difference between an observed and a calculated profile. Originally designed for
neutron data, this method is widely used today in both synchrotron and laboratory X-ray data.*
Though the Rietveld method is a very powerful tool in refining crystal structures, it requires a
good starting model in order to converge successfully, and does not constitute a crystal structure
determination method by itself.

It is sometimes useful to treat the profile of the diffracted peaks separate from the
structure. This is achieved by employing a Le Bail algorithm. If the structure is unknown, then

no calculated structure factors can be generated and the simplest thing to assume is that all of the

integrated intensities are initially equal. The Le Bail method is a recursive version of the Rietveld
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algorithm that allows calculating iteratively peak areas in the absence of a structural model. The
method is very useful in refining the initial values for profile functions and background that are
then used in a Rietveld refinement in the presence of a structural model. For N-peak overlap, the

iteration can be written mathematically as: [27]

A7 (0bs) x q,, (i)
" 4 (obs)x q, (i)

A" (obs) = Z (Z )(obs(z') — back(i)) (7)

where A"~ (obs)=1andn =1, N . The popularity of Le Bail method has increased since it has

been incorporated in Rietveld refinement codes such as GSAS and Fullprof.
The quantity minimized in a Rietveld refinement is the weighted difference between the

observed y(obs) and the calculated y(calc) diffraction patterns, called the Rietveld residual, S, [28]

S, =2 w,(v,(0bs) - y, (calc)) (®)

Many reflections contribute to the observed intensity, y;(obs) at any point in the
diffraction pattern.l*”! The calculated intensities y;(calc) are computed from |Fx|* values
determined from the structural model by summing the contributions from neighboring reflections

plus the background:

v,(cale)=sY L | F ['¢(26, — 20, )P, A+ y,(background) 9)
K

where s = scale factor; K= Miller indices h, k, I; Lx = contains Lorentz polarization and
multiciplicity factors; ¢ = the reflection profile function; Px = preferred orientation; A =
absorption factor; Fx = the structure factor for the K th reflection; y; (background) = the
background intensity at the i th step.

The least squares minimization leads to a set of equations involving derivatives of the

calculated intensities with respect to some adjustable parameters x;, x;.

18



- _ azyi(calc)_ oy, (calc) | Oy, (calc)
M= ZZW" = eato)) ox,0x, [ ox, j{ o, J] (10)

After the deletion of the first term, an m by m matrix needs to be solved, where m is the
number of adjustable parameters. The residual function is not linear, the solution must be found
by an iterative procedure, which produces the shifts Ax; that are subsequently used to produce an
improved model and the procedure is then repeated. The relationship between the adjustable
parameters and the intensities is not linear, and therefore the starting model must be as close as
possible to the true model or else the least squares global minimum will not be reached.*”!

One of the most popular refinement programs is GSAS, Generalized Structure Analysis
System, developed at Los Alamos National Laboratory by A. Larson and R. B. Von Dreele. The
program allows for the selection of one of the four peak profile functions Gaussian, Pseudo-
Voigt, Thompson-Cox-Hastings modified Pseudo-Voigt (Mod-TCH-pv) and a modified version
of the last function that includes anisotropic strain broadening.””! A Pseudo-Voigt function is a
linear combination of a Gaussian with a Loretzian of the form:

Pt)=nL(t,T)+(1-T)G(,T) (11)
where the mixing factor is given as a function of the total full width at half maximum (FWHM),

I" and the Lorentzian coefficient, y.[30]

2 3
n= 1.36603(%] - 0.47719(Q + O.lll6(%) (12)

and I is a function of the Gaussian FWHM (I'g) and y.[3o] If the tails of the peaks are too long
for instance, there is too much Lorentzian character, therefore a wider range will be required than
for peaks with more Gaussian character. Caglioti,’"! has modeled the dependence of the breadth

of the reflection profiles, I':
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I*=Utan’ @+ Vtan@+W (13)
where U, V, W are refinable parameters. For TCH-pv, the breadth of the Gaussian has the

following form:

[>=Utan’ @ +V tan @+ W + (14)

cos’ 6
Generally, the Gaussians (U, V, W, P) model the peak breadth while the Lorentzians (X,

Y) model the peak shape. The Lorentzians are also related with the peak breadth, I" by:

I =Xtand + (15)

cos@

The profile functions also include corrections for the sample transparency, sample height
and zero shift correlated in a 26 mismatch expression. Care must be taken in this case due to the
high correlation between the profile functions shift and transparency, and the instrument
parameter, zero.

A260 = zero + shift(cos 0) + transparency(sin 20) (16)

Finally, the profile functions allow correction for the asymmetry of the peaks and for the
strain anisotropy. GSAS also allows for the background, unit cell, scale and preferred orientation
to be refined.

Typically, a refinement starts with the background, followed by the unit cell and profile
and scale. It is worth noticing that a global minimum with powder data is much shallower than
with single crystal data, and false minima are more prevalent in this case.* Therefore, a
refinement is done in sets of 3 to 10 cycles at a time and it needs continuous monitoring. Also,
profile plots are more informative than R-values. The plots are allowed via a graphical interface
called powplot, which monitors the observed and calculated patterns in different colors and the

difference map. The difference plots can indicate whether the large R-values are due to a profile
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problem (differences in the in the peak forms) or to the chosen structural model (intensities do
not match). Changes in atomic positions within the cell causes the relative peak intensities to
change, while thermal displacements emphasize the high angle data (small thermals) or
deemphasize it (large thermals). In a structural refinement it is always advisable to start refining
the heavy atom positions first. The scale, occupancy and thermal parameters are highly

correlated ¥

, therefore, it is advisable whenever possible, to constrain the thermal parameters
for the same type of atoms to be the equal. This reduces the number of thermals required.
Occupancies are very hard to refine, and it is better in the case of X-ray powder data to use
constraints. Refinement of the profile with the structure is recommended until the structure

converges; the maximum shift/e.d.s should be no more than 0.1.**) The most commonly used

criteria of fit used by refinement programs are the R-factors presented below.

> |7 (0b))" = (1, (cale))

T S o) )
R - |7 (0bs)) = (1 (calc)) (18)
2 (7 (0bs))

Here Ik is the intensity of the Kth Bragg reflection. The structure factor, Rr and the
Bragg factor, R, are always biased by the model being used. From a mathematical point of view
the most meaningful residual, R, is the R,,,, the weighted pattern, since it has on the numerator

the quantity being minimized.

R = Zw,» (y,»(obs) - yi(calc))z 172 .
" Zwi(yi(Obs))z
R, = 2|y, (0bs) - v, (calc) (20)

r Zyl.(obs)
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The goodness of fit % is perhaps the most popular indicator.

R

2 21
=5 (21)

exp

Rexp 1s the expected R value, and reflects the quality of the collected data.

1/2

R, = N=P (22)

PRACACEDE

Here N is the number of observations and P is the number of parameters. For a good refinement,

the % should be between 1.3% and 1.7%, and the Ry, and R, as low as possible (5% - 20%).

1.6. Magnetic Properties

Magnetic property studies on transition metal ion complexes were initiated in the 1930’s
by Pauling."* The main quantity in this field of research is the response of a sample to an
applied magnetic field quantified by the magnetic susceptibility. Magnetic susceptibility, y, is
the extent to which a material becomes magnetized when placed in a magnetic field. Generally, a
material can respond to a magnetic field in two ways. If they repel the field they are called
diamagnetic (negative y) and if they attract the field (positive ) they are called paramagnetic. In
addition to that, some paramagnetic materials, at a certain temperature, have interactions that
allow them to exist in a more ordered state that can be either ferromagnetic or
antiferromagnetic.*”! They are presented schematically in the Figure 1.6, along with their
characteristic susceptibilities. More complex behaviors can arise from the existence of spins in a

certain structural arrangement. This results in geometric magnetic frustration, which was first
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introduced by Toulouse in 1977.1*) Magnetically frustrated systems are spin glasses, spin ices
and spin liquids. Below a certain temperature, called the freezing point, T, in a magnetic glass,
the spins freeze in random orientation. Spin glasses are systems that are characterized by
disorder and frustration.

The density of force lines in the sample is called the magnetic induction, B. In a magnetic
field, H, the induction B is defined as a function of the L , the permeability of free space, u, the
permeability and M is the magnetic moment of the sample.

B=uH = uH + uM (23)

And the magnetic susceptibility is defined as:

oM

== (24)
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Figure 1.6 Schematic representations for a paramagnetic, ferromagnetic and antiferromagnetic
arrangement of spins.

The susceptibilities of magnetic materials are distinguished by their magnitude and their

. C .
temperature dependence. Ideal paramagnets follow the Curie law, y = T or, when there is a
predisposition for a certain interaction between the adjacent spins, the Curie-Weiss law,
¥ = ——. Figure 1.7 presents the molar susceptibility and reciprocal susceptibility versus

temperature for an ideal paramagnet. Figure 1.8 presents the reciprocal susceptibility versus
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temperature for an antiferromagnet, 0 < 0, for a ferromagnet, 6 > 0, in comparison an ideal

paramagnet, 6 =0.
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Figure 1.7 Susceptibility versus temperature data for an ideal Curie-Weiss paramagnet with a
spin 1/2. The reverse susceptibility versus temperature showing a linear behavior.
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Figure 1.8 The reverse susceptibility versus temperature for an ideal paramagnet 6 =0, a
ferromagnet 0 > 0 and an antiferromagnet 6 < 0.
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In paramagnetic substances that show a predilection towards ferromagnetism, the value
of 6, the Weiss constant, coincides with the ferromagnetic Curie temperature, Tc, the
temperature at which the susceptibility becomes infinite. This behavior is presented in Figure
1.9. Ferromagnets have also a distinctive magnetization (M) versus applied field (H) dependence
below and above their critical temperature, Tc. The curve is not linear, and the behavior is not
reversible (hysteresis). A computer simulated hysteresis loop is presented in Figure 1.10. When
the field increases, the magnetization in the sample reaches a maximum, called the saturation
magnetization M. As the field is reduced back to zero, M follows a different path and does not

return to zero when the field is zero.

| Ferromagnetically Curie-\W eiss
1O0rdered Faramaagnetism
1 M_(T) 1y (T)

1y

Figure 1.9 The magnetization versus temperature (left) and the reverse susceptibility
versus temperature for a ferromagnet. The Curie point is shown.
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The magnetization still present in the material after the field has been turned off is called
remanent magnetization, M,.,. Materials with large remanent magnetization are called hard
ferromagnets while materials with small M,.,, are called soft ferromagnets. Hard ferromagnets
are needed for applications like magnetic recording, while soft ferromagnets are useful for

magnetic transformer cores.*
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Figure 1.10 The magnetization versus field for a ferromagnet presenting a hysteresis loop.

In paramagnets with a negative Weiss constant, 6 < 0, antiferromagnetic order is
established under a certain temperature called the Néel temperature. The susceptibility and the

reciprocal susceptibility versus temperature for an antiferromagnet are presented in Figure 1.11.
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Figure 1.11 Susceptibility versus temperature and reciprocal susceptibility versus temperature for
an antiferromagnet emphasizing the transition temperature below which the spins are aligned
antiferromagnetically (Tn - Néel temperature).

Other types of magnetic materials are spin glasses, spin liquids and spin ices.
Microscopically, the glass state corresponds to a configuration of spins frozen in a random
pattern. In this respect, they have been called “cooperative paramagnets”.”* * These materials
experience a phenomenon called magnetic frustration. Frustration appears when a large fraction

of the magnetic sites in a lattice are subject to competing constraints."**! A few examples of

frustrated lattices are shown in the Figure 1.12. In the case of a triangular lattice characterized by
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an antiferromagnetic arrangement of the spins, if two spins adopt an antiparallel alignment, then
the third will not be able to be antiferromagnetically coupled with both of its neighbors. A
similar situation is generate din the case of a tetrahedral arrangement of spins, as illustrated in
Figure 1.12 b. Even a square plaquette can be frustrated when the next-neighbor (nn) and next-
near-neighbor (nnn) interactions are comparable (Figure 1.12 ¢). Below a certain temperature,
called the freezing point, Ty, the spins are locked in a random orientation and the material is in

the glassy phase. 3%

4 } 4 f | ?

\ ? I Jann Jon <<Jom I ~]

nnn ' nn

a b C
Figure 1.12 Examples of geometrically frustrated systems: a) the triangular lattice; b)
unfrustrated square planar systems; c¢) frustrated square plaquette.

1.7. Heat Capacity and ac/dc Magnetic Susceptibility Methods

In the investigation of a magnetic system, one important measurement is the specific heat
at low temperatures.?” Thermal effects give evidence of magnetic ordering. An order-disorder
transition, such as paramagnetic to ferromagnetic or paramagnetic to antiferromagnetic, can be
investigated by heat capacity measurements at low temperatures. For simple one-component
systems, the equilibrium state can be described by two variables (like temperature and pressure).
In the case of a magnetic system, there is an additional variable, the magnetic field. Therefore,

the first law of thermodynamics can be written as:
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dQ =dU-HdM (25)

This states that the heat added to the system, dQ, is equal to the algebraic sum of the
increase in the internal energy, dU, and the work done on the system in order to change the
magnetization, HAM. In the absence of an applied magnetic field dQ = dU = TdS = C,dT. This
makes possible the determination of the entropy associated with the magnetic transition. The
change in entropy is simply the integrated area underneath the C,/T versus T curve.”” The
simple integration process is complicated by lattice vibrations, short range interactions, zero field
splitting and electronic contributions to the specific heat.”*! All of these effects need to be
subtracted out, in order to calculate the magnetic contribution to the heat capacity. A very good
method to account for all of these effects is to find a non-magnetic equivalent, measure its
specific heat and compare it to the specific heat of the magnetic system. This procedure relies on
the correspondent states law, which in this case states that specific heat of similar substances will
be similar, if weighted by the differences in their molecular weights."**! If such a non-magnetic
equivalent is not available, one can use high temperature series expansions to calculate the lattice
specific heat with the addition of other terms to account for short range interactions.**!

C(T)=aT +bT’> + ¢T° + dT’ + &/T* (26)
where a, b, c, d, e are adjustable parameters. The last term represents the short-range interaction
contribution to the heat capacity. In principle, more terms can be added or respectively removed
from the series. In a specific heat measurement, the maxima located at low temperatures in the
shape of the letter lambda represent second order magnetic transitions. Because they represent

transitions to a long range order, they can be either ferromagnetic or antiferromagnetic. Heat

capacity alone cannot decide whether it is one or the other. In an applied field, a ferromagnetic
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transition will shift to higher temperatures. The opposite is seen for an antiferromagnetic
transition.*?

Magnetic properties can be followed by susceptibility measurements. One of the most
commonly used methods to determine the response of a material to the applied magnetic field is
the direct current magnetic susceptibility, particularly zero field cooled — field cooled (ZFC/FC).
In the zero field cooled experiment, the sample is cooled at low temperatures, typically 5 K, then
a magnetic field is applied and the magnetization is monitored as the sample is warming up in
field. In the field cooled measurement, a field is applied at room temperature, the sample is
cooled with the field at 5 K and then the magnetization is monitored as the sample warms up. If
the curves of magnetization versus temperature for these two experiments, ZFC/FC, do not
differ, and no inflection points are present at any temperatures, then the magnetic behavior is
paramagnetic. If maxima are present, then the compound shows a transition to a long-range or
short-range ordered phase. Moreover, if the two curves, ZFC/FC split, then the transition to a
long range order needs further investigation. This usually can be a sign of a ferromagnetic or
ferrimagnetic kind of interaction. To clarify the nature of a magnetic transition, it is sometimes
helpful to draw a magnetic moment versus temperature plot. The magnetic moment can be

obtained from the magnetic susceptibility using *:

1 =1+7.99 4T (27)

If the magnetic moment decreases with decreasing the temperature, down to the magnetic
transition, then the interaction between the different magnetic ions is antiferromagnetic. If the
magnetic moment increases, then the interaction is ferromagnetic. Another indication for the
nature of the magnetic transition is the sign and magnitude of the Weiss constant, 6, obtained

from a reciprocal susceptibility versus temperature plot, for the high temperature region,
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typically above the transition or above 10 0. A positive 0 (a negative 0) indicates ferromagnetic
interactions (antiferromagnetic interactions). For a positive 8, one can do a hysteresis loop
measurement above and below the magnetic transition. In this kind of measurement, a high
magnetic field is applied to the sample at a certain temperature, and the magnetization is
monitored as a function of applied magnetic field. This dc measurement is appropriate for
ferromagnets, ferrimagnets, canted and weak ferromagnets. Ferromagnetism has two
distinguished features, one is the parallel alignment of the magnetic moments and another one is
the formation of domains. In the absence of an applied magnetic field, ferromagnetic and
antiferromagnetic order cannot be clearly separated. Therefore, alternating current (ac)
susceptibility measurements help distinguish between the two."*”!

The dc magnetometer and the ac susceptometer are two different tools for investigating
magnetic phenomena. Both of these measurements rely on sensing coils to measure the variation
in the magnetic flux due to a magnetized sample. The difference relies in how the flux variation
is achieved. In a dc experiment, the sample is magnetized by a static magnetic field arising from
a superconducting magnet (for a SQUID instrument). The sample is moved to a detection coil
that measures variations in flux due to the magnetization of the sample by the magnetic field. In
an ac measurement, the sample is centered within a coil while driven with an external ac field.
This produces a time dependent magnetization that a second detection coil can measure. In an ac
susceptibility measurement, the sample is placed within a coaxial set of coils and a low

36381 The change in mutual inductance between the coils is

frequency signal is applied.!
proportional to the magnetic susceptibility. The ac method has several advantages over the dc

measurement. The applied magnetic field can be very small (a few oersteds). Because the

induced sample moment is time dependent, ac measurements give information about
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magnetization dynamics, which cannot be obtained by dc methods. The measurement is very
sensitive to small changes in the magnetization as a function of applied frequency. In the low
frequency limit, the ac and dc measurements are similar. The magnetic moment of the sample
follows the magnetization as a function of field curve. For small ac fields:

M ,.=(dM/dH)e H ,.sin(at) (28)
where Hac is the amplitude of the driving field, o is the driving frequency, and

7 =(dM /dH) (29)
At higher applied frequencies, the ac moment does not follow the dc magnetization curve, due to
dynamic processes in the sample. In this case, the magnetization may lag behind the field,
therefore ac susceptibility measurements yield to two quantities: the magnitude of the
susceptibility, y and the phase shift ¢.**** This can be thought of as having an in-phase or real

component, y , and an out-of-phase or an imaginary component, x . The imaginary component

indicates dissipative processes in the sample.[3 6-38]

x'= ycosp (30)
x'=ysing 31
=N (32)
@ = arctan(y"/ ') (33)

The average field inside a material is the only relevant field for a paramagnet or an
antiferromagnet. This is not true for a ferromagnet because of the demagnetizing effects, due to
their very high internal field. Since an applied magnetic field causes domain wall movement,
domains grow larger and align with the field. This can be seen in the ac susceptibility data. In the

real part for high applied frequencies, the domain walls are not able to follow the ac field. A
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strong frequency dependence of the Tc is observed in the real part of the ac susceptibility (see
Table 1.4). The T¢ frequency dependence follows an Arrhenius law."*”!

vV=y, exp[— E, /kBTfJ (34)

Here, E, is the potential barrier separating two easy orientations of the spin clusters and v is the
driving frequency of the ac measurement. In addition, there is a signal in the imaginary part
around T¢ indicating irreversible domain wall movement or absorption due to a permanent
moment. This does not happen in an antiferromagnet. An antiferromagnet does not show a
frequency dependence of the real part nor a signal in the imaginary part of the ac susceptibility.
Unfortunately, a spin glass resembles in very many respects a ferromagnet. Spin glasses
show a maximum at the freezing temperature, T, in the real component of the ac susceptibility.
In addition, relaxation and irreversibility in spin glasses give rise to a non-zero signal in the out
of phase component. The freezing point in a spin glass is also frequency dependent, but it
follows a Vogel-Fulcher law.””

v=vyexpl-E, /ky(T, - T,)| (35)

Here, Ty is an adjustable phenomenological parameter accounting for inter-cluster interactions. In
an applied magnetic field, a spin glass transition should round with small fields and even
disappear in higher fields. This is not the case for a ferromagnetic transition. The freezing point
in a spin glass cannot be seen in heat capacity data, which distinguishes a ferromagnet from a
spin glass. At temperatures well above Ty, the spins are in a paramagnetic state. As the
temperature is reduced, the spins experiencing the strongest exchange interactions can couple to
form small magnetic entities. Further reduction allows more spins to couple and entities of
different sizes and relaxation times would form. Thus, a dynamical growth of such “islands” with

a distribution of sizes and relaxation times prevails and therefore the behavior of the system will

33



depend on the time constant of a particular experiment. In a reentrant spin glass, within these

“islands” the spins are ferromagnetically arranged, but the interactions between these clusters are

via antiferromagnetic frustrated bonds. It is still unclear if the clusters, that are uncoupled in the

ferromagnetic phase, can couple in the spin glass phase so that the entropy Tt the spin glass state

is lowered relative to the ferromagnetic state.”> A summary of the aforementioned magnetic and

heat capacity analysis is given in the Table 1.3.

Table 1.3 The measurement and the expected behavior for the most common magnetic

behaviors.
Measurement [Paramagnetic  |Spin Glasses Antiferromagnetic  [Ferromagnetic
PM SG AFM FM
Heat Capacity [Schottky Linear C/T and|\- anomaly at TN \- anomaly at T¢
anomaly iffshort range
anisotropy islinteractions
present
DC ¢ ZFC/FC do notZFC/FC split ZFC/FC do not split [ZFC/FC split
split at the freezing  [Neel transition, © < 0 |Curie transition, 0 > 0
point, Tf
AC X’ nothing Freezing point, T{{Neel transition Curie transition
Measures the varies with[No frequency Very large
magnetic frequency (Vogel-{dependence dependence on
moment Fulcher) frequency (Arrhenius
law)
AC y” nothing Frequency [Nothing Highly frequency
Dissipative dependent (1-2%) dependent (8-10%)
processes —
eddy currents
In field ac nothing Round up even|Nothing They do not round

'with small fields
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1.8. Electronically Driven Effects in Layered Perovskites. Second Order Jahn

Teller Effect

Some layered perovskites are stabilized by the presence of a d” transition metal in the B
site of perovskite slabs. The stabilization comes from a second order Jahn Teller effect consisting
of out of center distortions of the BOg octahedra. It is believed that this effect has an electronic
origin. The second order Jahn Teller effect consists of out of center distortions of the TiOg
octahedra, which generates unsymmetrical B — O — B distances. For highly charged and small
sized ions, the HOMO-LUMO gap is lowered and permits the mixing between the 2s, 2p orbitals
on the oxygen with the d orbitals on the transition metal ion, such that the occupied states are
stabilized at the expense of the unoccupied states. The distortion is suppressed by increasing the
number of electrons on the transition metal ion, so the effect increases with the acidity of the B

1 [39:40

site meta I Alternatively, if a vibration lowers the symmetry, here it could go from

octahedral to a square pyramidal, and then this allows the mixing of two levels of different

symmetry.[4l]

1.9. Electronic Band Structure Calculations

The study of any solid would not be complete without a good knowledge of its electronic
properties. Many of the characteristic properties of a solid emerge directly from the behavior of
the electrons in them. Electrical conduction, optical properties, magnetic properties and surface

properties, are only a few of examples."*”!
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There are approximations one can use to calculate the electronic properties of a solid. The
methods used can be divided into ab initio and semiempirical. There are advantages and
disadvantages associated with the both. While ab initio methods are generally more accurate,
they also are very computationally demanding. One also needs to consider the crystal structures,
which consist of a large number of atoms per unit cell. Semiempirical methods are less accurate
but they can yield realistic results in a more reasonable amount of time for large unit cells.

Yet Another Extended Hiickel Molecular Orbital Package (YAEHMOP) is a
semiempirical package that allows electronic structure calculations and visualization of the
results. YAEHMOP is based on a tight-binding approximation called the extended Hiickel
method. The program was developed at Cornell University in Prof. Roald Hoffmann’s
group.[4l’42] The tight binding approximation or the linear combination of atomic orbitals method
(LCAO) is appropriate for cases in which the overlap of atomic wavefunctions is large enough to
require corrections to the isolated atom picture but not so large to require band theory. Therefore,
the method is useful for describing the electronic structure of insulators, and partially filled d-
shells in transition metal compounds. The Hamiltonian for the system is the atomic Hamiltonian
with a correction for the periodicity of the lattice. The orbitals used in the calculations are Slater
orbitals.[***]

H=H, + AU(r) (36)

The diagonal elements of the Hamiltonian are the ionization potentials. The other necessary

matrix elements are calculated by the extended Hiickel method.**¥ The overlap, S et > between

the atomic orbitals a and 3, on adjacent atoms is used to find the off-diagonal elements of the

Hamiltonian as described in the following equation.

(BH|e)=GS,, (e, +e,)/2 (37)
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Here G is a scale factor, usually 1.75.144 1f |a> is an eigenstate of the Hamiltonian, with the

eigenvalue ¢, then, H | a> = £a| a> and then for o = f3

(@|H|B) = (Ble.|@) = £.(B|@) = £.5 (38)
An average value is used instead of just ¢, for the case a # .

These matrix elements are substituted in the Hamiltonian matrix, and then the matrix is

diagonalized to solve the following eigenvalue equation.!**!

2 Hyuy; — Eu; =0 (39)

One of the biggest drawbacks of this method is that electrostatic repulsions between
electrons are treated in an approximate way (they are included as an average potential). When the
atomic overlap is small, narrow bands are formed and the effects of electron-electron repulsion
become predominant. This is when both the band theory and the LCAO method break

(43441 A full treatment of electron-electron interaction is very difficult, even when dealing

down.
with simple compounds, e. g. NiO. A successful approach is the Hubbard model. In this model, a
gross approximation is made from the beginning. The model considers that the only important
interaction between electrons is for the electrons residing on the same atom (the repulsion
between electrons on different atoms is neglected). Assuming that the overlap between the
orbitals on adjacent atoms is small, then the energy required to remove an electron from one
atomic orbital (I, the ionization potential) and placing it on a site already occupied by another
electron (A, the electron affinity) gives the repulsion energy between the two electrons (the

Hubbard, U).

U=I1-4 (40)
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The effect of electron repulsion is to create sub-bands, each holding one electron, and therefore
open a gap in the electronic states at the Fermi level. Two parameters are important in the
Hubbard model, the bandwidth, W, and the repulsion parameter, U. When the overlap between
the atoms is predominant W > U, the LCAO and band theory will work. As the orbital overlap
diminishes, W < U, the repulsion effect takes over and progressively localize the electrons on
individual atoms. Unfortunately, the Hubbard model must be embedded within another method
to yield realistic results. YAEHMOP does not support this option at the moment.*****! For
most of our systems, the extended Hiickel model is appropriate because of the large bandgap and
extreme localization (small or lack of conductivity). These properties preclude a large
interatomic overlap.”*”!

The electronic structure for the triple layered Ruddlesden-Popper, A;La;Ti301y, is
presented in Figure 1. 13. The density of states are calculated with YAEHMOP.
This compound, as the entire precursor materials used in this research, is an insulator with a
direct band gap of ~ 4 eV. In this compound, Na,La,Ti301, Ti is in its maximum oxidation state,
+4, so constitutes a d° electronic system. Titanium is in an octahedral coordination, so its d levels
will split in t, (they have n symmetry) and e, (they have c symmetry). The Fermi level is
located at -14.55 eV. Below the Fermi level, the valence band is formed of Ti*" s p states mixed
with O” s p states that form a o band. Right below the Fermi level tyg orbitals on the transition

metal mix with the O p, orbitals to form a © bonding combination. Above the Fermi level the

antibonding " band is found in the conduction band.
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Chapter 2
Synthesis and Characterization of the New Layered Perovskite,
Naoll(VO)ol45LaTiO4

2.1 Introduction

Layered perovskites of the Dion-Jacobson (DJ), A’[An-1BmO3sm+1], and
Ruddlesden-Popper (RP), A’2[Am-1BmOsm+1], families, where A’= alkali or alkali earth
metal, A = rare earth or alkali earth metal, B = transition metal, m goes from 1 to infinity,
contain perovskite strata interleaved with A’ ion-exchangeable cations. The reactivity of
the A’ cations makes these compounds effective precursors to new low temperature
phases via topochemical routes. In the case of the triple layered RP compounds
monovalent ion exchange has led to Li;La;Ti30;¢ and the acidic form H,La,;Ti30,9, while
by divalent ion exchange MLa,Ti;0,9 with M = Ca, Co, Zn, Cu have been obtained.["*!
Gopalakrishnan and coworkers investigated the triple-layered perovskite, K;La,Ti3019
and reported initial studies on the ion exchange of vanadyl species.”! Ton exchange
reactions with the single-layered perovskite, NaLaTiO4, have also resulted in a series of
new compounds. Monovalent exchange has produced KLaTiO4, AglLaTiO4 (o and
forms) and HLaTiO4 and divalent exchange has resulted in alkaline earth, CaysLaTiOy,
and transition metal, My sLaTiO4 (M = Cu, Co, Zn) RP oxides.*® The exchange behavior
of other RP phases has also been studied. These include the double and triple-layered

perovskites. Herein we expand on this approach with a detailed study on the synthesis

and characterization of the new single-layered perovskite, Nag ;(VO)o45LaTiOs.
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2.2 Experimental

2.2.1. Synthesis

NaLaTiO4 was synthesized by conventional solid-state reaction with a method
similar to that of Toda et al.l”*! Initially, La,Os (Alfa Aesar, 99.99%) was preheated
before use to 1000 °C for 16 hrs. to remove any hydroxide and carbonate contaminates.
Then stoichiometric amounts of La,O3 and TiO, (Alfa Aesar, 99.99%) were combined
with a 40% molar excess of Na,CO; (Alfa Aesar, 99.99%) and heated in an alumina
crucible at 950 °C for 30 minutes. After the reaction, to remove unreacted Na,COs, the
sample was washed with warm water. The sample was then rinsed with acetone and
dried at 150 °C overnight. Phase purity for NaLaTiO4 was confirmed by X-ray powder
diffraction (XRD). The sample was indexed on the tetragonal unit cell a = 3.7730(1) A
and ¢ = 13.0220(2), which is in agreement with the values reported in the literature.'™

Ion exchange was used to substitute the Na ions in NaLaTiO4 with vanadyl ions,
(VO)**. The source of the vanadyl unit was vanadyl sulfate hydrate (VOSO,nH,0, Alfa
Aesar, 99.99%). NaLaTiO4 (0.2737 g, 0.1 mmole) was mixed in a 1:2 molar ratio with
VOSO4 (0.2375 g) in 100 ml water. The solution was heated for two days between 50 —
65 °C with continuous stirring. The sample was isolated after one day and combined with
a fresh solution of vanadyl sulfate. The final product was dark green in color. The
exchange reaction between NaLaTiO4 and vanadyl sulfate dehydrated was also studied in

a sealed evacuated Pyrex tube; below 150 °C, the solids do not react and above 200 °C

vanadyl sulfate decomposes.
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2.2.2 Characterization

The product phase could not be completely dissolved in a variety of strong acids.
So to analyze the extent of exchange, the exchange solution after reaction was analyzed
for the sodium byproduct and unreacted vanadyl. The analysis was carried out by
inductively coupled plasma spectrometry (ICP). Standard solutions were prepared from
Specpure Alfa Aesar 10,000 pg/ml for sodium and vanadium. All the standards and the
samples were analyzed in a 5% HNOj solution (vol./vol.). Energy dispersive
spectroscopy (EDS) was carried out on a JEOL (model JSM-5410) scanning electron
microscope (SEM) equipped with an EDAX (DX-PRIME) microanalytical system.

X-ray powder diffraction studies were carried out on a Phillips X’Pert System (Cu
Ko radiation A=1.5418 A) equipped with a graphite monochromator. Data were collected
in a step scan mode between 2 and 95° 20 with a step size of 0.02° and a counting time of
10 s. Structural refinement was done by the Rietveld method with the GSAS package of
programs.””! Thirty-nine parameters were varied including background, peak shape, cell,
atom positions, thermal parameters and occupancies. In the beginning of the refinement,
the Le Bail method!'®! was employed for the background and peak shape parameters. The
R-factor (R,), the weighted R-factor (WR,,), and the goodness of fit, xz, are defined as: R,
= X[yioYiel/ T Yior WRp = [ZWil¥io - Yie)/ Zwi(¥io) 1", Rr = Z|[I(0bs)]"* ~ [T(cale)]"™
[Ik(obs)]l/ 2, and Xz = [pr/Rexp]z, where Reyp = [(N — P)/ Zwiyioz]l/ 2 and yio and yic are the
observed and the calculated intensities, w; is the weighting factor, N is the total number
of observed intensities when the background is refined, and P is the number of adjusted

parameters.
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Infrared spectroscopy (IR) was performed on a Perkin Elmer 2000 FT-IR; the
samples were analyzed as pellets in a 1:100 molar ratio with dry KBr. For the electron
paramagnetic resonance (EPR) measurements, an EMX X-band Bruker spectrometer was
used.

Magnetic measurements were performed on a Quantum Design MPMS-5S
Superconducting Quantum Interference Device (SQUID) magnetometer between 2 and
300 K at 1000 Oe.

Thermal behavior was studied on a TGA 51 thermogravimetric analyzer and a
Netzsch 404 S differential scanning calorimeter (DSC); measurements were performed in
oxidizing, inert and reducing atmospheres between room temperature and 800 °C by

heating samples at 10 °C/min in H; (8% hydrogen in argon), O, and Ar, respectively.

2.3 Results

2.3.1. Synthesis

Ion exchange reactions were performed between NaLaTiO4 and aqueous vanadyl
sulfate solutions. XRD indicated that the reaction was complete after two days when
carried out between 50 — 65 °C. Heating at temperatures higher than 70 °C leads to the
formation of a LaVO,4 impurity phase. In all cases a small amount of white flocculant
was observed on the solution surface of the reaction mixture even under mild reaction
conditions. EDS analysis showed that the flocculent contained La, Ti, and O indicating
that it is most likely exfoliated perovskite layers.!''! Longer reaction times or a larger

excess of VOSOy leads to a greater amount of flocculant. The latter is expected to be
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related to the acidity of the VOSQy, solution (pH ~ 2). Elemental analysis of the final
product by ICP showed a composition of Nag 10+0.02(VO)o.45+0.01LaTiO4, corresponding to

a 90% exchange.

2.3.2. Structure

Ion exchange takes place in a topotactic manner in that the structure of the
perovskite host is maintained. Figure 2.1 shows a comparison of the X-ray powder
diffraction patterns before and after exchange. Table 2.1 shows the variation in unit cell
parameters and cell volume. There is about an 8 % reduction in cell volume on exchange
with the greatest change occurring in the ¢ direction (contraction ~ 0.7 A). This
contraction can be understood knowing that two sodium ions are replaced with one
vanadyl cationic unit.

Structural refinement of Nay ;(VO)4sLaTiO4 was carried out by Rietveld
methods. The starting model was based on NaLaTiO,, where the atomic positions of
lanthanum, titanium and oxygen were kept the same except that sodium was replaced
with vanadium at 2¢ (0 0 z) with 45 % occupancy. The occupancy for vanadium was
maintained constant at 45% during the Rietveld refinement. While this model produced
reasonable agreement factors and most of the atoms were well behaved, the vanadium
thermal parameter and the y* were unreasonably large. It was found that the relative
intensities of 001, 102, 111 and 105 reflections are very sensitive to vanadium position.
In the parent, sodium ions are nine coordinated to the neighboring oxygens and the
smaller vanadium may not be suitable for such a position.””! When the vanadium was

moved from the sodium site, 2c, to 2a (0 0 0), a better fit was obtained. The observed,
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calculated and difference plots for the refinement are shown in Figure 2.2 and the
structural information is provided in Table 2.2. Selected bond distances are presented in
Table 2.3. Although this model seemed to accommodate vanadium much better, the
thermal parameter for vanadium is still rather high (Ujs, = 0.39). On disordering
vanadium over the two sites, 2a and 2c, the thermal parameters showed no significant
improvement. A more general position 8i, (0 y z), was also examined, this showed only a
slight reduction in the vanadium thermal parameter (Uis, = 0.33). It is worth noting that
no matter where the vanadium was positioned, all of the other atoms in the crystal
structure were well behaved. These results indicate that the vanadyl unit is likely

disordered between the perovskite layers, possibly over several sites.

Table 2.1 Refined unit cell parameters for NaLaTiO4 and Nag 1(VO)g.45LaTiOs.

Compounds Unit cell parameters Cell volume
a(A) c(A) V (A%

NaLaTiOy this work 3.7730(1) 13.0220(2) 185.37

Nag.1(VO)o.45LaTiO4 3.7197(4) 12.2973(2) 170.14
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Figure 2.1 Powder X-ray diffraction patterns for (a) NaLaTiO; and (b)
Na().l (VO)0,45LaTiO4
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Figure 2.2 Rietveld refinement of Nag 1(VO)45LaTiO4. Observed data is indicated with
crosses, calculated pattern as a solid line, and the difference is indicated at the bottom.
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Table 2.2 Crystallographic data for Nag ;(VO)o4sLaTiO4 "

Atom Site  x y z g Uiso

La 2c 0.75 0.75 0.3815(1) 1.001(2) 0.012(2)
Ti 2c 0.75 0.75 0.2031(2) 1.030(7) 0.016(1)
Ol af 0.75 0.25 0.7596(6) 0.990(2) 0.026(3)
02 2c 0.75 0.75 0.5821(1) 1.040(2) 0.015(3)
03 2c 0.75 0.75 0.9426(1) 1.070(2) 0.028(3)
A% 2a 0.25 0.75  0.0000 0.45 0.390(1)

*P4/nmm (2™ choice of origin); Z =2, R, = 11.91 %, Ry, = 16.13 %, y*> = 1.599,
p wp

R¢ = 5.906 %.

Table 2.3 Selected bond distances for Nag 1(VO).45LaTiOs.

Bond Length (A)
La-Ol(x4) 2.540(3)
La—02(x4) 2.667(3)
La-02(x1) 2.460(3)
Ti—-Ol(x4)  1.914(2)
Ti-02(x 1)  2.637(6)
Ti—-03(x1)  1.797(6)
V-03(x4)  1.989(6)
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2.3.3. Thermal Analysis

The stability of Naj ;(VO)o4sLaTiO4 was studied as a function of temperature in
oxygen, argon and hydrogen. The material loses weight in inert atmosphere from room
temperature up to 130 °C. This was attributed to the presence of water in the interlayer.
Thermogravimetric analysis showed that the sample is hydrated with approximately 0.6
water molecules per formula unit. Similar behavior was observed in the case of the triple
layered Ruddlesden-Popper compound, (VO)La,Tiz010.*) Above 200 °C,
Nay.1(VO)o4sLaTiOy starts to degrade. XRD shows that LaVOy starts to form around
460 °C and at 700 °C constitutes the predominant phase (Figure 2.3). The same behavior
was observed in oxidizing atmosphere. In reducing atmosphere, the material starts the
formation of LaVOj;above 220 °C, and this is the predominant phase up to 800 °C (Figure

2.4).
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Figure 2.3 The DSC curves for (Nag VO 45)LaTiO4 in a) oxygen and b) argon.
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Figure 2.4 The DSC curve for (Nag1VOy.45)LaTiO4 in hydrogen.

2.3.4. IR Data

The presence of the VO unit in the structure is supported by the IR spectra, which
show the characteristic stretching band at around 1012 cm™. This is in agreement with the
accepted range for a vanadyl stretch, 950 - 1035 cm™.["? A comparable value was
observed in the triple layered RP (VO)La,Tiz010.”! IR also supports the presence of
water in Nagy 1(VO)o.45LaTi04, showing the corresponding stretching bands of water

around 1600 and 3400 cm™'.

2.3.5. EPR and Magnetic Data

EPR data for the Naj ;(VO)o.45LaTiO4 exhibit a single resonance with a g value of
around 2 (Figure 2.5). Magnetic susceptibility data for the compound are shown in
Figure 2.6. Measurements were performed in a field of 1000 Oe as a function of

temperature. The compound is paramagnetic above 140 K and exhibits Curie-Weiss
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behavior (Figure 2.3, inset). The Curie-Weiss constant and magnetic moment calculated
from the fitted data are 0 =-126 K and plesr= 1.72 pp per formula unit of
Nay.1(VO)o4sLaTiOy, respectively. The magnetic moment is in agreement with a spin-
only magnetic moment expected for V** (d") in a (VO)*" unit.["*! It can be noted that a

small reproducible inflection in the susceptibility is observed at around 50 K.
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Figure 2.5 EPR spectra for Nag 1(VO)o.4sLaTiOs.
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Figure 2.6 Temperature dependence of magnetic susceptibility at 1000 Oe, only ZFC
curve is shown (ZFC/FC are identical). The inset represents the reciprocal susceptibility
versus temperature in the range 140-300 K and the solid line is the result of the linear fit.

2.4 Discussion

The composition of the ion exchanged material was found to be
Naj.1(VO)p4sLaTiO4. Complete ion exchange to lead to (VO),sLaTiO4 was not observed
even if the reaction time was prolonged and/or the molar ratio parent to vanadyl sulfate
was increased. This upper limit in ion exchange may be related to a decrease in the
interlayer spacing between perovskite slabs. As the layer distance decreases, it becomes
more difficult for cations to enter and exit. In contrast, the complete ion exchange of
transition metals to make My sLaTiO4 (M = Co, Cu, Zn) readily occurred.'’! These
reactions however were made at higher temperatures (> 300 °C) and the smaller size of

the metal cations relative to the vanadyl unit may help favor complete exchange. It is
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worth noting that incomplete exchange reactions (~90%) were observed in the
replacement of sodium with calcium in NaLaTiO4; while this reaction was carried out at
temperatures similar to the transition metal reactions, the larger calcium cation might also
have limited the degree exchange.!'*!

Thermal analysis shows that Nag ;(VO)45LaTiOj is a low temperature phase. The
compound loses water from room temperature to 130 °C, and above 200 °C starts
degrading. The changes seen above 200 °C can be attributed to the instability of V**
versus V°" with increasing temperature. At 800 °C, LaVOy is the predominant crystalline
phase in both inert and oxidizing atmospheres.

The IR stretching frequency of the vanadium oxygen double bond is 1012 cm™
which is comparable with 1010 cm™ found in (VO)La,Ti3010.7 In both of these vanadyl
substituted RP perovskites, the possibility of having V=0---V=0 chains can be ruled

(2] These kind of chains are often present in nonmolecular vanadyls such as VOSOs,,

out.
(VO)3(POy4)2, VOMO0Oy, (VO),P,07, (VO)(salen) and some organometallic phases.!'* !>
'] Usually the stretching frequency of the V=0 bond in these compounds is below 950
cm’’. The absence of the vanadium oxygen chains in Nag 1(VO)45LaTiOs, as indicated
by the IR frequency is consistent with a lack of order within the vanadyl layer. At the
same time, this wavenumber is an indication of the retention of the strong double bond
character within vanadyl V-O bond.!"”! From the IR spectra water bands have also been
seen; the presence of water is not unexpected since the reactions are carried out in
aqueous solution. Further the vanadyl, (VO)La,Ti30, also forms a hydrate.

It was expected that the oxidation state of the d* vanadium (V*") cation in the

vanadyl would be maintained on formation of Nag ;(VO)o4sLaTiO4. EPR studies on
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isolated V** cations typically exhibit hyperfine structure (an octet) resulting from the
interaction of the free electron with the magnetic nuclear moment of >'V (I = 7/2). This
behavior is observed in other vanadium oxides.!'?! The absence of a hyperfine structure
and the presence of a broad signal in the EPR spectra centered on g = 2 is a characteristic
of a V*" in a dipolar interaction with the other vanadium ions present in the structure.
This means that the vanadium ions in the structure are close enough to cause these
dipolar interactions to suppress the hyperfine structure and make the EPR signal rather
broad. Both room temperature electron resonance and magnetic data suggest that the
vanadyl unit has a localized, non-interacting “free spin” electron. From the magnetic
susceptibility data it can be seen that the susceptibility increases at lower temperatures
with a very broad maximum around 50 K and a negative Weiss constant of 6 =-126 K.
Similar behavior has been observed in other layered perovskites and is associated with

[18-20

antiferromagnetic interactions. I Apparently, in spite of the low loading of vanadyl

units (V:Ti= 0.45:1.0), weak magnetic coupling still occurs.

2.5 Conclusions

Ion exchange of vanadyl units is an effective method for co-inserting both
vanadium cation and oxygen anion species. Though in this case isolated vanadyl anions
were only observed, a similar approach might allow one to produce extended metal oxide
layers into receptive hosts. The ability to create such layers might allow one to rationally

direct the formation of technologically significant materials.
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Chapter 3
The Structure and Properties of Mixed Valence Titanates, (Li,VO)La,TizO1

3.1 Introduction

Layered perovskites such as Aurivillius phases, Dion-Jacobson and Ruddlesden-Popper
compounds can intercalate alkali metal ions into their interlayer galleries. The insertion of these
cations takes place in a topotactic manner where the basic structure is maintained. Choy et al.'")
for example, have shown that the intercalation of Li in the Aurivillius phase, BisTi30, leads to
L1,Bi14Ti30,¢ with retention of the parent structure. Armstrong and Anderson'? have
demonstrated a very elegant transformation on rubidium intercalation of RbLaNb,O to produce
Rb,LaNb,05. In this system, the perovskite layers persist, while overall the compound is
converted from the Dion-Jacobson structure type to Ruddlesden-Popper. Such reductive
intercalation reactions are important for tuning the valency, and therefore the electronic and
magnetic properties. For example, the mixed valence tantalate, Na,Ca,Ta30, can be obtained
by reacting NaCa,Ta3;0;¢ with NaNj3,# and similar intercalation reactions in the niobates to
produce LixKCa;Nb;O;( have been reported to produce superconductivity.[5 I The reductive
intercalation method has also been extended to the oxysulfides, Y, Ti305S,.1 In these materials,
the insertion of Na and Li lead to metallic properties. In our group it has been shown that using a
two-step low temperature route (ion exchange and then reductive intercalation), mixed valence
compounds with semiconducting behavior, such as Naj_+yCax»LaTiO4 and
Nay.y+yCaynLasTi3019, can be obtained.[*!

Herein we describe the influence of lithium intercalation chemistry upon structure,

electronic and magnetic properties of the triple layered Ruddlesden-Popper perovskite,
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(VO)La,Ti30,¢. This compound was prepared from the triple layered Ruddlesden—Popper
perovskite, K>La,Tiz04,! by ion exchange with the a divalent vanadyl (VO*") unit."® Similar
to other divalent ion exchanges,! this reaction opens the structure to further chemistry; two
potassium ions are replaced by a vanadyl and a vacancy. Alkali metal ions can then be inserted
on the sites left vacant by the ion exchange step. This paper presents a detailed description of the

synthesis and characterization of this new series of compounds.

3.2 Experimental

3.2.1 Synthesis

The parent, K,La,Ti30;9, was prepared by a solid state reaction from K,COs (Alfa Aesar
99.997%), La,0O3 (Alfa Aesar 99.99%), and TiO, (Alfa Aesar 99.995%) mixed in stoichiometric
amounts.”! A 30% excess of K,CO; was used to compensate for the loss due to volatilization.
The reaction was performed in air at 550 °C for 12 hours and then at 1050 °C for 6 hours. Phase
purity for K;La,Ti30;¢ was confirmed by X-ray powder diffraction (XRD). The powder pattern
was indexed in a tetragonal unit cell, a = 3.876(1) A and ¢ = 29.824(1) A, which is in agreement
with literature values."!

Ion exchange was used to substitute the K" ions in K,La,Ti;0;¢ with vanadyl ions,
(VO)*" "I The source of the vanadyl unit was vanadyl sulfate hydrate (VOSO,4nH,0, Alfa
Aesar, 99.99%). K;La,Ti3019 was mixed in a 1:2 molar ratio with VOSOy4 in 100 ml water. The

solution was heated under reflux for five days at 100 °C with continuous stirring. Phase purity

for (VO)La,Ti30;9 was confirmed by X-ray powder diffraction (XRD). The powder pattern was
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indexed with tetragonal cell parameters, a = 3.809(2) A and ¢ = 27.410(1) A; these values are
consistent with those in the literature.!'”’

Lithium intercalation was performed by reacting (VO)La,Ti30;¢ and n-butylithium
(Aldrich 1.6 M in hexanes) in different molar ratios (1:1, 1:2 and 1:3) in inert atmosphere at
60 °C for three days. The final products were washed with anhydrous hexanes under Ar and then

dried under vacuum. The intercalated samples have colors ranging from brown, for the lowest

lithium content, to dark grey for the sample with the highest lithium content.

3.2.2 Characterization

The inductively coupled plasma emission spectroscopy (ICP) analysis was performed to
determine lithium contents. The samples were dissolved in concentrated nitric acid. Standard
solutions were prepared from Specpure Alfa Aesar 10,000 ug/ml for lithium. All the standards
and the samples were analyzed in a 5% HNOj solution (vol./vol.). The composition of the final
products corresponded to the general formula (Li\VO)La,;Ti30,¢, with x = 0.83 £ 0.02, 1.41 +
0.02 and 1.81 £0.03.

X-ray powder diffraction studies were carried out on a Philips X’Pert System (Cu Ka.
radiation A=1.5418 A) equipped with a graphite monochromator. Data were collected in a
continuous scan mode between 5 and 95° 20. The lattice parameters were refined using
POLSQ.“Z] Structural refinement of (Li; sVO)La,Ti30;o was done by the Rietveld method with
the GSAS package of programs.!"*! Thirty-nine parameters were varied including background,
peak shape, cell, atom positions, and thermal parameters. In the beginning of the refinement, the

Le Bail method ['"¥ was employed for the background and peak shape parameters.
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Infrared spectroscopy (IR) was performed on a Perkin Elmer 2000 FT-IR; the samples
were analyzed as pellets in a 1:100 molar ratio with dry KBr. For the electron paramagnetic
resonance (EPR) measurements, an EMX X-band Bruker spectrometer was used. Magnetic
measurements were carried out on a Quantum Design MPMS-5S superconducting quantum

interference device (SQUID) magnetometer between 2 and 300 K at 1000 Oe.

3.3 Results

3.3.1 Structure

The intercalation of lithium in (VO)La,Ti30 takes place in a topotactic manner. The
tetragonal unit cell shrinks along the c-axis and slightly increases along the a-axis with
increasing lithium content.!'"! Figure 3.1 presents the X-ray powder patterns for the parent,
K;La,Ti30, for the ion exchanged product, (VO)La,Ti30; and the lithium intercalated series
(LixVO)La,Ti304¢. Table 3.1 presents the variation of the unit cell parameters and cell volume
for all of the investigated samples. A structure refinement was carried out on
(Li; §VO)La,Ti30,¢. The observed, calculated and difference plots are shown in Figure 3.2, the
atomic positions in Table 3.2, and the bond lengths in Table 3.3. The starting model for the
refinement was based on CuLa,;Ti301¢ (I4/mmm),[15] where the starting positions for the atoms
were the same except that copper was replaced with vanadium. Lithium was not included in the
refinement and the vanadyl oxygen could not be located. From the structure (Figure 3.3), it can
be seen that the two-dimensional [La,;Ti;0;¢] layers perpendicular to the c-axis are maintained.
These layers are now separated by vanadium ions. These vanadiums are tetrahedrally

coordinated to the four O3 oxygens form the perovskite sheets. To better understand the
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structural changes that accompany the ion exchange and intercalation respectively, from
K;La,Ti3050 to (VO)La,Ti30;¢ and finally to (LixVO)La,;Ti30, IR spectroscopy has been
employed. The IR spectra for the potassium and vanadyl precursors along with the lithium
intercalated sample (only one of them is presented because they all look similar) are shown in
Figure 3.4. There are three stretching frequencies corresponding to Ti-O bonds in K;La,Ti30,¢
located at 580 cm™, 720 cm™ and 900 cm™. In the vanadyl ion exchanged sample, the titanium-
oxygen stretch at 900 cm™ vanishes and another one at 1020 cm™ corresponding to V=0 appears.
In the intercalated materials, the vanadyl stretch at 1020 cm™ disappears and another at 865 cm’™
appears. This could be an indication of V-O-V chains forming in the interlayer space between the

perovskite strata. ')
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Figure 3.1 X-ray powder pattern for: K,;La;TizO1; (VO)La;Ti3010; (Ligs3VO)LayTiz010;
(Li1,4VO)La2Ti3010; and (Li1_8VO)LazTi3010.
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Table 3.1 Cell parameters based on a tetragonal symmetry for K,La,;Ti309, (VO)La,Ti30,¢ and
the series (LixVO)La,Ti301.

Compound a(A) c(A) Vv (A%
KoLaxTi3010 3.876(1) 29.824(1) 448.0(5)
(VO)LayTi;010 3.809(2) 27.410(1) 397.6(7)
(Lio5sVO)LasTiz010 3.800(1) 27.134(1) 391.8(1)
(Li; sVO)LayTiz01 3.800(2) 26.878(1) 388.1(1)
(Li; sVO)LasTisO10 3.813(2) 26.562(1) 386.1(8)
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Figure 3.2 Results of Rietveld refinements for the structure of (Li;sVO)La;Ti3010. The
measured (crosses), calculated (line) profiles and the difference (lower line) profiles are shown.
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Table 3.2 Crystallographic data for (Li; sVO)La,;Ti301¢

(Li; §VO)La,Tiz0q0 | Atom | Site 2) g ® X y z Uiso

[4/mmm (No. 139) |V |4d |05 0 05 | 0.2500(0) | 0.104(4)
a=38501(1)A |La |4c 1.0 0 0.0 |0.4193(1) | 0.022(1)
c=267861(1)A | Til |2a 1.0 0 0.0 | 0.0000(0) | 0.019(3)
V=397.05(7) A> |Ti2 |4e 1.0 0 0.0 |0.1567(2) | 0.012(4)
Rup=18.73 % 01 |4c 1.0 0 0.0 |0.0745(8) | 0.012(9)
R,= 14.19 % 02 |4c 1.0 0 05 | 0.00000) | 0.011(8)
Rr = 8.47 % 03 |4e 1.0 0 0.0 | 02319(5) | 0.011(6)
72 = 1.802 04 |8g 1.0 0 0.5 | 0.1425(1) | 0.011(9)

a) Multiplicity and Wyckoff notation; b) Occupancy.

Table 3.3 Selected bond lengths in A for (Li; §VO)La,Ti3010

Bond type Bond length (A)
V_03 (X4) 1.985(5)
La—0 1 (X4) 2.7272)
La—02 (X4) 2.893(2)
La—0 4 (X4) 2.540(1)
Til-01(X2) 1.998(3)
Til—-02 (X4) 1.925(1)
Ti2—0 1 (XI) 2.20003)
Ti2—03 (X1 2.016(2)
Ti2— 04 (X4) 1.966(3)
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Figure 3.3 The structure of (Li; §VO)La,Ti;0;¢ showing the perovskite blocks and the vanadium
atoms in the interlayer space (lithium atoms are not included).
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Figure 3.4 IR spectra for: a) K;La,Ti3010; b) (VO)La,Ti3040; ¢) (Li; §VO)La,Tiz040. The
samples were analyzed as pellets in a 1:100 molar ratio with dry KBr.

3.3.2 EPR and Magnetic Measurements
Electron spin resonance signals for both (VO)La,Ti30,¢ and (Li,\VO)La,;Ti30,( are

presented in Figure 3.5. EPR data for the (VO)La,Ti30;¢ displays a single broad resonance with
g =1.97-1.99. This is attributed to an electron localized on the vanadium atom. For the lithium
intercalated samples, a sharp peak is superimposed on the broad vanadyl signal. The resonance
for this peak is at a g value of 2.00. The shape and the g factor suggest the presence of a

delocalized electron in the intercalated samples.!'”
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Figure 3.5 X-band EPR spectra for a) (VO)La,Ti30;9and b) (Li; sVO)La,;Ti301o.

Magnetic measurements on the intercalated samples show that (LixVO)La,Ti30;9 with x
=0.83 and 1.4 are paramagnetic at room temperature and exhibit a Curie—Weiss behaviours.
(Li;$VO)La,Ti30 instead is magnetically ordered over the whole studied temperature range.
The magnetic susceptibilities as a function of temperature are shown in Figures 3.6a-c. Zero-
field-cooled (ZFC) and field-cooled (FC) data are represented. The insets of Figures 3.6a and
3.6b show the linear fit of inverse susceptibility versus temperature. The calculated magnetic
moment increases with increasing lithium content (Table 3.4). In Figure 3.6d the hysteresis loops
at 50 K and 300 K for (Li; §VO)La,Ti30,¢ are presented. For low lithium content, x = 0.83 and
1.4, paramagnetic behavior is observed. The highest lithium content, x = 1.81, exhibits magnetic

order.

68



2 2.0x10°
3.0x10 -. 12x6° LA b 15040
1.8x10° A
[ ] 4
2.5x10° 1@ 1.6x10 :
5 1.0x10° 1aao? g 2
—~ 2.0x107 5 7 1% 2 12500
@ E 9L 12xq0°{ R E
o] £ g Ik &
£ 1sa0] 800 S 10x0?
£ £ 1
) 2 8.0x10° 1.00x10°
= 2 = 4
1.0x10" 4 6.0x10° - 6.0x10° 4 i i i i i i
T T T T T T 3 1 140 160 180 200 220 240 260 28d
0 1073_ 100 120 140 160 180 200 22 4.0x10™ T(K)
50x TK) ] " ,
2.0x10° -
00 T T T T T T T T T T T T T T T 1 00 ] T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
T(K) 5 T(K)
~ 5000 ] 2.0x10
40x10°4 ¢ 2 B
° 1.5x10°
L] <4
35x10° o 1.0x10°
o 3 — |
13 o >
— Lo g 3000 E 5.0x0"
T 30x0°He E k) |
[=] e c
g e . S 0.0
3 |8 g
£ 25x0° $ & N
g . g -5.0x10"
= 2.50x10" 4 < |
y = .
2.0x10° B 3|
0 50 100 150 200 250 3o 010 e 300K
T(K
15x10° © -15x10° 1 * 50K
-3
——— 1117  -2.0x10 T . . .
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 -10000 -5000 0 5000 10000
T (K) Field (Oe)

Figure 3.6 The magnetic susceptibilities as a function of temperature for: a)
(L1p83VO)La,Ti3049, b) (L1;4VO)La,;Ti3049 and ¢) (L1;sVO)La,Ti30,0. The insets represent the
linear fit for the reciprocal susceptibility versus temperature curves. d) The hysteresis loops at 50
and 300 K for (Li]_gVO)LazTi301().

3.3.3 Band Structure Calculations

The changes that lithium content causes in (Li,VO)La,Ti30, have been also followed by

extended Hiickel calculations performed using the YAEHMOP software package. Parameters are

listed in Table 3.5.1'%
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Table 3.5 Orbital parameters used in the YAEHMOP calculations.

Atom Orbital Hii (eV) En Ci €2 C2
Ti 4s -8.970 1.075

4p -5.440 1.075

3d -10.81 4.550 0.4206 1.4000 0.7839
\Y 4s -8.810 1.300

4p -5.520 1.300

3d -11.000 4.750 0.4755 1.7000 0.7839
La 6s -7.670 2.140

op -5.010 2.080

5d -8.210 3.780 0.7765 1.3810 0.4586
O 2s -32.30 2.275

2p -14.80 2.275

The three-dimensional band structures and the corresponding density of states (DOS)
diagram are presented in Figures 3.7 and 3.8, respectively. The valence band is mainly occupied
by oxygen states with approximately 10 % mixing of titanium states. The states at, and slightly
above the Fermi level are antibonding combinations, ©*, resulting from the mixing of titanium t,,
with O 2p states and 6 combinations and, from vanadium e, orbitals with O 2sp states. The high-
energy states around -6 eV, that correspond to La and V 4s, remain unoccupied. Lithium s states
were considered very high in energy, as lithium donates its electron to the layered perovskite

sheets and therefore lithium has not been included in the calculations. The intercalated electrons

have been considered, according to the lithium content obtained from the ICP data.
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Figure 3.7 Band structure for (Li, {VO)La,Ti;O ;. The Fermi level is indicated by the dashed
horizontal line at -10.4118 eV.

Energy (eV)

Figure 3.8 The density of states (DOS) for (Li; {3VO)La,Ti;0,,. The Fermi level is indicated by

the dashed horizontal line at -10.4118 eV. The total DOS are represented by a solid line. The
grey area represents vanadium and titanium DOS.
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3.4 Discussion

The structure of (Li; §VO)La,Ti304 is related to the structure of the parent, however two
important differences can be noted. First, in the interlayer space between the perovskite blocks,
vanadium is tetrahedrally coordinated with respect to the oxygens from the perovskite layers (see
Figure 3.2). Upon intercalation, IR data shows the shift of the vanadyl stretch from 1020 cm™ to
865 cm™. This change is associated with a lengthening of the vanadyl oxygen bond and it may be
attributed to the formation of V — O — V chains in the ab plane.!'®'” IR data indicates that for
(VO)La,Ti301, the vanadyl units are isolated with a very strong V = O bond (1020 cm™) and
the electron from V** (dl) is localized on vanadium atom. For (Li; §VO)La;Ti30,9, the vanadyl
units are connected to each other via V — O — V chains, as the V = O stretch shifts to lower
wavenumbers (865 cm™).!"” It can, then be inferred that when lithium is intercalated into the
interlayer space it coordinates to the vanadyl oxygen, which consequently leads to a weakening
of the vanadium oxygen bond.

Interestingly, ion exchange of K,La,Ti30;¢ with vanadyl produces what appears to be a
highly disordered compound,!'®'"! (VO)La,Ti300, and as the degree of intercalation increases,
the compound regains its long range order.."'!! The poor crystallinity of the (VO)La,Ti30,0
prohibited structural refinement for this compound. However, the addition of lithium, apparently
reestablishes order, allowing Rietveld refinement of (Li; §VO)La;Ti30o.

Another new structural feature seen on intercalation is the increase in length of the
titanium oxygen bond (Ti2 — O3) facing the interlayer space. This bond has a length of 1.75 Ain
KzLazTigolo.m Structural refinement of (Li; §VO)La,Ti30, shows that this bond lengthens to
2.01 A. This change is also in agreement with what might be expected from purely size

considerations because the ionic radii of Ti*" (0.67 A) is greater than Ti*" (0.61 A) for an
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octahedral coordination.”” This could indicate that this titanium (Ti2) is the one that is reduced
to Ti'", as Ti2 — O3 bond lengthens. Also, as lithium enters the structure and gives up its electron
to the perovskite block, it is reasonable to assume that it coordinates with the oxygens available
at the interlayer, which are O3 and the vanadyl oxygen. Therefore, both of these bonds, Ti2 — O3
and V=0 are going to elongate in order to accommodate lithium.

Lithium intercalation reduces Ti*" (d°) to Ti** (d") forming a mixed-valence compound.
The formal oxidation states on the titanium in the three samples are +3.73 for
(Lip83VO)La,Ti301, +3.53 for (Li; 4VO)La,Ti3019 and +3.40 for (Li; sVO)La,Ti30¢. The first
two samples, with 27.6% to 46.6% Ti’* per formula unit, do not show any magnetic ordering,
behaving as Curie-Weiss paramagnets. A slight preference for an antiferromagnetic exchange is
noted in the Curie-Weiss fit, as represented by a negative Weiss constant (Table 3.4). This
antiferromagnetic tendency could potentially be due to the V-O-V chains. In (VO)La,Ti30,¢, the
vanadyl units are isolated and the electron is localized on the vanadium atom. For the lithium-
intercalated samples, we have seen in the IR the stretch at 865 cm™ signaling the presence of V-
O-V chains.""™®'! For the highest lithium content sample (Li; §VO)La,;Ti3019, magnetic order and
a predisposition toward ferromagnetism is observed. The difference between the first two
samples and the third resides mainly in the fraction of Ti** (dl). (Li;§VO)La;,Ti3019 has 60%
Ti**, therefore a Ti*" - O - Ti*" type of bond is possible in the corner sharing TiOs octahedra in
the perovskite blocks. These bridges could permit the transfer of an electron from a Ti’" ion to
the central O* ion simultaneously with the transfer of an electron from the O to the Ti*" ion

through a double exchange mechanism. This can be seen from the following scheme.
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Ti3* (025 Ti*

Zener showed that the lowest energy for such a system corresponds to a parallel alignment of the
spins on the metal ions.”*") The parallel alignment of the spins in this situation leads to an
increase in the mobility of electrons between adjacent titaniums. Similar effects have also been

22231 The band structures and DOS presented in Figure

observed in other oxide layered systems.
3.5 and Figure 3.6 support this assumption, showing that the system should be metallic. As it can
be seen from the band structure picture, the bands are almost dispersionless, especially along the
X —P —N, which is consistent with electronic isolation of the oxide layers along the c-axis. The
states at and slightly above the Fermi level are antibonding combinations, n*, resulting from the
mixing of titanium tp, with O 2p states. In this simple, rigid band model, the antibonding orbitals
combinations, m*, are the states that are occupied by the electrons introduced in the structure
when Ti*" is reduced to Ti’" upon lithium intercalation.

In summary, a new series of mixed valence triple layered Ruddlesden-Popper titanates,
(LixVO)La;Ti3049, have been prepared by a two-step topotactic method. Combining such

topotactic routes and applying them to appropriate layered materials hold the promise for future

preparation of new compounds with tunable properties.
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Chapter 4
Structural and Magnetic Investigation of LigsNiggsLa,TisO1g

4.1 Introduction

The reactivity of the A’ cations makes the Ruddlesden Popper compounds,
Az’[An_anO_“erl], effective precursors to new low temperature phases via topochemical routes.
One of the most effective topotactic routes is the replacement of the A’ cations via an ion
exchange reaction. These reactions can take place in either aqueous medium, molten salts or
solid state. In addition, monovalent and divalent ions can be exchanged. Monovalent ion
exchange has led to Li,La,Ti30,¢ and acidic form, H,La,Ti30;, from molten state and acidic
aqueous solution, respectively.“’z] Divalent ion exchange MLa;Ti;0;¢ with M= Co, Zn, Cu has
been performed using an eutectic mixture of alkali metal chlorides and transition metal chlorides
in sealed tubes."’

This work constitutes an extension of such ion exchange reactions in the triple layered
Ruddlesden-Popper series to obtain Lij3NiggsLa,Ti3O; by an aqueous solution reaction. This
paper describes the synthesis, crystal structure, thermal behavior, magnetic, and electronic

properties of this new compound.

4.2 Experimental

4.2.1 Synthesis
Na,La,Ti30,¢ was prepared by a solid state reaction from Na,CO; (Alfa Aesar 99.99%),

La,Os (Alfa Aesar 99.99%) and TiO, (Alfa Aesar 99.99%). A 30% molar excess of Na,CO; was
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used to compensate for the loss due to volatilization. The reagents were pressed into pellets, fired
at 550 °C for 6 hours, and then sintered at 1050 °C for 12 hours.!! After the reaction, to remove
unreacted Na,COj3, the sample was washed with warm water and acetone and dried at 150°C
overnight. Phase purity for Na,La,Ti3;0,9 was confirmed by X-ray powder diffraction (XRD); the
sample was indexed on the tetragonal unit cell a = 3.8352(7) A and ¢ = 28.5737(7), which is in
agreement with the values reported in the literature. Sodium was replaced with lithium by an ion
exchange reaction between the Na,La,Ti30;9 and LiNOs, in a 1:15 molar ratio for two days at
300 °C. Lig3Nig gsLa,Ti30;9 was prepared by an aqueous solution (150 ml water) reaction
between Li,La,Ti30;9and NiCl, in 1:2 molar ratio, at 50 — 65 °C, under continuous stirring for 8
days. The reaction mixture was refreshed with a new nickel chloride solution after the first four
days. The reaction can also take place if instead of NiCly, Ni(NO3), is used.' The final product
was washed with distilled water and acetone and dried at 100 °C overnight. Lij3Nig gsLa;Ti309
has a pale green color. The nickel ion exchange reaction was performed between the NiCl, with

Na,La,Ti3010 and K,La,Ti;01, but it did not lead to the formation of NiLa,Ti3Oy.

4.2.2 Characterization

Elemental analysis was carried out by energy dispersive spectroscopy (EDS) on a series
of individual crystallites using a JEOL (model JSM-5410) scanning electron microscope (SEM)
equipped with an EDAX (DX-PRIME) microanalytical system to determine nickel content.
Inductively coupled plasma emission spectroscopy (ICP) analysis was performed to determine
lithium content. The samples were dissolved in concentrated nitric acid. Standard solutions were

prepared from Specpure Alfa Aesar 10,000 pg/ml for lithium. All the standards and the samples
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were analyzed in a 5% HNOj solution (vol./vol.). The composition of the final product
corresponded to the general formula Lig 30(1)Nig s52)La2T13.0002)O10.

X-ray powder diffraction studies were carried out on a Philips X’Pert System (Cu Ka
radiation A = 1.5418 A) equipped with a graphite monochromator. Data were collected in a
continuous scan mode between 5 and 95° 20 with a step size of 0.02. The lattice parameters were
refined using POLSQ."¥ Structural refinement was done by the Rietveld method with the GSAS
package of programs.[s] The refined parameters include background, peak shape, cell, atom
positions, scale factor, and thermal parameters. The R-factor (R,)), the weighted R-factor (wR,,),
and the goodness of fit, 1%, are defined as: Ry, = Z[Yio-Yic)/ Z Yio, WRp = [ZWi(Yio - Vie)/
Ewi(Yio)'1"% Re = Z|[Ix(obs)]"* — [I(cale)]?/ [I(obs)]"?, and 5 = [WRy/Rexp]’, Where Rexy, = [(N
- P)/ Ewiyioz]l/2 and yj, and y;. are the observed and the calculated intensities, w; is the weighting
factor, N is the total number of observed intensities when the background is refined, and P is the
number of adjusted parameters.

Thermal behavior was studied on a TGA 51 thermogravimetric analyzer and a Netzsch
404 S differential scanning calorimeter (DSC); measurements were performed in oxidizing and
inert atmospheres between room temperature and 800 °C by heating samples at 10 °C/min in O,
and Ar, respectively.

Magnetic measurements were performed on a Quantum Design MPMS-5S
Superconducting Quantum Interference Device (SQUID) magnetometer between 2 and 300 K at
100 Oe. Heat capacity, ac susceptibility and transport measurements (two probe method) were

investigated using a PPMS Quantum Design between 5 K and 300 K.
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4.3 Results

4.3.1 Synthesis

The ability of Ruddlesden-Popper, A;La,;Ti;0; (A = Li, Na, K), to undergo ion exchange
with nickel chloride has been investigated. Single phase Lij3NiggsLa;TizO;¢ was obtained only
from Li,La,Ti30¢. The reaction did not occur using either the sodium or the potassium
equivalents. The ion exchange was not complete. The chemical analysis of the product indicated
the ratio Li:Ni:La:Ti is 0.30(2):0.85(2):2:3.00(2). Increasing the molar ratio, the temperature or
the time does not produce any increase for exchange. The reaction can also lead to

Lip3Nig gsLarTi301¢ if the source of nickel is nickel nitrate hydrate.[6]

4.3.2 Structure

The ion exchange takes place in a topotactic manner. In Figure 4.1 the XRD powder
patterns for the Li,La,;Ti301¢, and Lig3Nig gsLa;Ti30;¢ are presented. The ion exchanged material
was indexed on a tetragonal Bravais lattice with the cell parameters listed in Table 4.1.1 For
Lip3NiggsLarTi3019, a Rietveld refinement was carried out.’! The observed, calculated and
difference maps are presented in Figure 4.2. The atomic positions are presented in Table 4.2, and

the bond lengths are shown in Table 4.3.
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Figure 4.1 Comparison of the X-ray powder patterns for a) Li;La;Ti301¢; b) Lig3NiggsLaxTi301.

Table 4.1 The variation of the unit cell parameters and volume for the investigated materials

Compound a (A) ¢ (A) Volume (A”)
Li,La,Ti,O,, 3.8411(6) 26.5601(2) 391.8(6)
Lig3NipgsLa,Ti3010 3.8483(1) 26.9871(2) 399.6(6)
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Figure 4.2 Calculated (solid line), experimental (crosses) and the difference (lower line) for

Li0,3Ni0.85La2Ti3010.

Table 4.2 Crystallographic data for Lig3NiggsLayTi301o.

Atom  Site X y z g Uiso (A%
[4/ mmm Ni 4d 0 0.5 0.25 0.425 0.01172(8)
7=2 La  4e 0 0 0.41933) 1.0  0.01875(2)
a=3824442)A Til 2a 0 0 0 1.0 0.00426(4)
c=26736(6)A T2  4e 0 0 0.15608) 1.0  0.03506(2)
V=391.06)A> Ol  4e 0 0 0.07440(7) 1.0 0.05275(1)
R, =10.83 % 02 4c 0 0.5 0 1.0 0.08511(3)
wR, =14.52 % 03 4e 0 0 0.23340(9) 1.0 0.02353(2)
2 =3.11% 04 8 0 0.5 0.1446(3) 1.0 0.0066(2)

*g = occupancy

82



Table 4.3 Bond lengths and bond angles for Lig3NiggsLa;Ti301o.

Bond Length A/ angle °
Ni-03 (X 4) 1.96300(3)
Til - O1 (X 2) 1.98940(7)
Til - 02 (X 4) 1.91222(3)
Ti2-01 (X 1) 2.18367(2)
Ti2-03 (X 1) 2.06747(8)
Ti2 - 04 (X 4) 1.93654(3)
La-0O1(X4) 2.70946(4)
La-02(X4) 2.88238(6)
03 -Ni-03 153.880(1)
03 -Ni-03 92.927(0)

4.3.3 Thermal Behavior
Differential scanning calorimetry for Lig3NipssLayTi30;¢ in both oxidizing and inert
atmosphere shows that this compound is a metastable phase that undergoes a phase transition

above 300 °C. The DSC curves, presented in Figure 4.3 show a broad exothermic peak around

300 °C. The XRD after DSC at 200 °C, 400 °C and 800 °C are shown in Figure 4.4.
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Figure 4.3 DSC curves in argon and oxygen for Lig 3Nig gsLa,Ti301.
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Figure 4.4 Comparison of the XRD for Lip3NiggsLa,Ti301¢ after DSC in Ar at a) 200 °C,
b) 400 °C, and ¢) 800 ° C.
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The thermal decomposition of this material above 300 °C is accompanied by a continual
weight loss in inert atmosphere, as seen from the TGA in Ar measurements. The weight loss up
to the first plateau at 300 °C is 2.47%. Li3NiggsLayTi30; starts losing this weight at
approximately 200 °C, so presumably the layered structure is maintained. The total weight loss
up to 800 °C adds to 7.64 %. The XRD after DSC and TGA shows that at 400 °C, NiO starts
forming and at 800 °C, constitutes the predominant phase. Mixed in with NiO, is a defective

perovskite phase, most likely La;Ti30o.

4.3.4 Band Structure Calculations and Transport Measurements

The band structure calculations and transport measurements on Lig3NiggsLa,Ti309 are
consistent with an insulator.'” Transport measurements suggest that Liy 3Nig gsLa;Ti30;9 has a
resistivity greater than 1 GQ. The band structures along with the density of states (DOS) are
presented in Figure 4.5. From the band dispersion at the Fermi level, it can be inferred that the
electrons are localized on the nickel atom. The bands at and slightly below the Fermi level are Ni

3d states.
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Figure 4.5 The band structures and the DOS for Lij3Nig gsLa;Ti3O1o.
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4.3.5 Magnetic Behavior and Heat Capacity

The magnetic susceptibility as a function of temperature in a 100 Oe and 10,000 Oe
fields, and the linear fit of the reciprocal susceptibility versus temperature along with the
hysteresis loops at 5 K, 20 K and 40 K, are shown in Figure 4.6. From the linear fit a magnetic
moment was calculated for Li3Nig gsLayTi3019, o = 2.97 pg and a Weiss constant of 5 K. The
calculated magnetic moment is in agreement with other values reported in the literature for a d*
system in a tetrahedral ligand field. From the variation of the magnetic moment as a function of
temperature and from the positive Weiss constant, the transition at 23 K seems to be
ferromagnetic. Heat capacity measurements on this compound were performed between room
temperature and 5 K on several samples. The heat capacity versus temperature is shown in
Figure 4.7. Here only the 5-100 K is presented. As it can be seen from Figure 4.7, there is an
inflection point at 23 K. This is an indication that a disorder—order transition takes place. Further,
this transition can be correlated with the ferromagnetic transition seen in the magnetic data. To
extract the magnetic component to the heat capacity, the correspondent states law has been

used.™
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Figure 4.6 The magnetic behavior of Lig3NigssLayTi301¢. a) The magnetic susceptibility versus
temperature in 100 Oe (the inset emphasizes the transition at 23 K); b) The magnetic
susceptibility versus temperature in a 10,000 Oe; ¢) The reciprocal susceptibility versus
temperature along with the linear fit; d) The hysteresis loops at 5 K, 20 K and 40 K .

The non-magnetic equivalent used in this case was the parent, Li;La;Ti30,¢. The heat
capacity of the parent was measured in the same conditions as for the Lip3NiggsLa;Ti30j¢. The
specific heats for the two compounds are presented in Figure 4.7. The heat capacity for Li-
compound was used as the lattice heat capacity for Liy3NiggsLa,Ti3O;¢. The lattice component to
the specific heat was then subtracted out and the resulting specific heat is shown in Figure 4.8.

The magnetic entropy gained at the transition was calculated by integrating the area under the
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Cp / T versus T curve, Figure 4.8. The magnetic entropy is consistent with an S=1 magnetic

system.[g]

S=[C,/T=RIn@2S+1)

Moreover, in a magnetic field of 1 T, the transition shifts to higher temperatures and
broadens. The shift to higher temperatures confirms the ferromagnetic nature of this transition.
This is represented in Figure 4.9.

In Figures 4.10 and 4.11 the ac susceptibility measurements are presented. It can be
inferred from these figures, that both of the transitions are present in both the real and the
imaginary components of the susceptibility. In addition, the transitions seem to be frequency
dependent. In a dc magnetic field, the transition at 10 K shifts towards the high temperature

transition at 23 K.
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FIgU re 4.7 Heat capacity for LizLazTi3010 and Li0.3Ni0.g5LazTi3010
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Figure 4.8 The magnetic contribution at the specific heat for Lig3NiggsLayTi301o.
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Figure 4.9. In field heat capacity data for Lig3Nig ssLa,TizO1.
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Figure 4.10 The ac susceptibility at 100, 1000 and 10,000 Hz for a,b-no field real and imaginary
components in the absence of a dc applied magnetic field; ¢,d 100 Oe field for
Lio_3Ni0.85La2Ti3010.
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Figure 4.11 In field ac Susceptibility for Lip3NiggsLarTi30;qg in a) 3000 Oe and b) 10,000 Oe.
The frequency used are 1000 and 10,000 Hz.

The composition of the ion exchanged product corresponds to the formula

The XRD for Lio_3()(1)Ni()_g5(2)LazTi3O1() is comparable with LizLazTi3010. The layered

Lio 301)Nio.85(1)La2.00T13.002)O10. A complete exchange leading to Ni:La:Ti = 1:2:3 was not
observed even when varying the reaction conditions. This has been observed in other layered
systems and has been attributed to the trapping of some alkali metal cations between the

perovskite blocks.” ICP shows the presence of small amounts of lithium in the sample.

structure has been maintained upon ion exchange. The structural refinement was based on the
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Li,La,Ti30,0 cell, where Ni has replaced lithium, and the composition adjusted for 42.5%
occupancy of the site. Interestingly, the unit cell expands along the c-axis upon ion exchange.
Therefore, the trapping of lithium ions between the perovskite sheets does not occur because of
their inability to exit the interlayer space. It is the tetrahedral arrangement of the Ni between the
perovskite layers in combination with a relaxation of the Ti2-O3 bond that leads to this
expansion.

The thermal behavior of this compound shows that an exothermic transition occurs in
both inert and oxidizing atmosphere. In addition, a continuous weight loss is seen in TGA. The
XRD after DSC shows that the layered structure is maintained at 400 °C, but the crystallinity
degrades. At 800 °C, though the perovskite blocks are almost intact but the layered structure is
destroyed. The decomposition products are NiO and La,Ti3Oy. This is consistent with the
metastability observed in other ion exchanged layered perovskites. In addition, it demonstrates
that Lip3Nig gsLayTi30;0 could not be obtained by high temperature methods since it is not stable
under these conditions.

Lig3NiggsLa,Ti3010 has a unique magnetic behavior. First, in a small field, 100 Oe, the ZFC/FC
curves split below 30 K. This is consistent with the magnetic ordering of nickel ions below this
temperature. This behavior has been seen in both long range magnetically ordered systems and

[10.11) Then, two magnetic transitions occur, one at 23 K and one at 10 K. The

spin glasses.
magnetic moment calculated from the linear fit of the reciprocal susceptibility versus
temperature is consistent with an S = 1 magnetic system. The fit also gives a positive Weiss
constant, which suggest ferromagnetic interactions. In higher fields, 10,000 Oe, the magnetic

behavior of Lig 3Nig gsLa,Ti3019 changes. The ZFC/FC curves split in the same temperature range

as in low field (100 Oe), but there is not a clear transition at 10 K, and the transition at 23 K
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broadens. Heat capacity data is consistent with an order-disorder transition at 23 K. In field, heat
capacity data confirms the ferromagnetic origin of this transition, since with the applied field the
transition shifts to higher temperatures. In addition, the magnetic entropy gained at the transition
is consistent witha S =1 system.[lo] Further, from Figure 4.8 in the inset, it can be seen that there
is a tail for the C versus T curve for the magnetic specific heat. This tail can be attributed to
Schottky anomaly due to nickel ion anisotropy.

For the 10 K transition, ac susceptibility measurements have been used to investigate the
possibility of a spin glass like behavior. AC susceptibility data is very useful for spin glasses
since their freezing point cannot be obtained from the heat capacity.!'”! Also, ac data can help
distinguish between ferromagnetic and antiferromagnetic types of ordering because
antiferromagnets lack a signal in the imaginary part of the ac susceptibility. Since both of the
transitions are present in the real as well as the imaginary part of the ac susceptibility, an
antiferromagnetic order can be ruled out. Both of these transitions are frequency dependent. It is
generally very hard to distinguish between a ferromagnetic and a spin glass transition, because
they are so much alike. Both spin glasses and ferromagnets are characterized by ZFC/FC
splitting, hysteresis loops and frequency dependent ac susceptibilities. There are subtle
differences though. A sharp peak appears at the freezing point in spin glasses and a sharp peak
appears in ferromagnets at the Curie point. In contrast with ferromagnetic transitions, the spin
glass transition can be rounded by high magnetic field. As shown in Figure 4.5, a 10,000 Oe dc
field rounded the 10 K transition. In addition, the in-field ac susceptibility shows that the
transition at 10 is first, rounded, in small fields (Figure 4.8), and completely shifts (Figure 4.9) in
higher fields, 3000 Oe and 10,000 Oe. Because spin glasses are amorphous magnetic systems,

they do not show an inflection point in the specific heat. It is very difficult to rule out a spin glass
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transition based on our specific heat data since our measurements were performed between 2 K
and 300 K. It is known that the magnetic transition temperatures from specific heat can be very
different from the ones in the magnetic data. It has been seen that the specific heat transition
temperature can be displaced lower in temperature by as much as 10 K. Therefore, based only on
specific heat, we cannot rule out another order-disorder transition occurring below 2 K. The in—
field ac susceptibility data is consistent with a spin glass like behavior. The frequency
dependence in zero field disappears in a 3 kOe and 10 kOe field confirming the spin glass like
behavior.!'”

Going back to the ion exchange reaction, it is easy to rationalize such a behavior. When
replacing lithium (+1) with nickel (+2) only one nickel goes in the interlayer space for every two
lithium ions. This maintains the charge balance. The interlayer space is left with half of the sites
empty. The basic requirements for a glass state are the existence of disorder and frustration. It is
reasonable to assume that a structure having 42.5% occupancy for the magnetic ion site (Ni*"),
constitutes a disordered structure. Presumably, in such a disordered structure, frustration can
occur whenever a nickel is missing. Considering a Ni — O — Ni, periodic arrangement, frustration
should not occur because the magnetic ions are correlated via a superexchange interaction. If one
nickel is missing in such an arrangement, then the nearest neighbor interactions will be
frustrated. Thus, the spin glass transition comes from an unsatisfied ferromagnetic arrangement
for the magnetic ions. Therefore, a magnetic phase diagram for Lig3Nip gsLa,Ti3019 could be
paramagnetic 30 K — 300 K, followed by a ferromagnetic region 30 K -10 K, and a spin glass
below 10 K. Because, the spin glass comes from a ferromagnetic state instead of a paramagnetic

- - 10,13
one, can be classified as a reentrant spin glass.!'*!"”!
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Chapter 5
Lithium intercalation in Liy3sNiggsLa,Ti304g

5.1 Introduction

Ruddlesden-Popper layered perovskites can intercalate alkali metal ions into their
interlayer galleries. The insertion of these cations takes place in a topotactic manner such
that the layered structure is maintained. Reductive intercalation reactions are important
for tuning the valency, and therefore the electronic and magnetic properties. In our group
it has been shown that using a two-step low temperature route (ion exchange and then
reductive intercalation), mixed valence compounds, with semiconducting behavior, such
as Naj_x+yCayxnLaTi04, Nayx+yCaynLarT13010 and (LixVO)La,;Ti301 can be obtained.!'!
Herein we describe the influence of lithium intercalation upon structure, electronic and
magnetic properties of the triple layered Ruddlesden-Popper perovskite,
Lig3NiggsLa,Ti304¢. This compound was prepared from the triple layered Ruddlesden—
Popper perovskite, Li,La,;Ti30;, by ion exchange with the divalent nickel ion.! As in
other divalent reactions, two lithium ions are replaced by a nickel and a vacancy.*™
Lithium metal ions can then be intercalated into these vacancies. This paper presents a

detailed description of the synthesis and characterization of this new series of

compounds.
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5.2 Experimental

5.2.1 Synthesis The parent, Li,La,;Ti30o, was prepared from Na,La,Ti;0; and LiNO;
(Alfa Aesar 99.997%) mixed in a 1:15 molar ratio and heat at 300 °C for 2 days. Phase
purity for Li;La,;Ti30;9 was confirmed by X-ray powder diffraction (XRD). The powder
pattern was indexed in a tetragonal unit cell, a = 3.8411(6) A and ¢ = 26.5601(2) A,
which is in agreement with literature values."’

Ion exchange was used to substitute the Li" ions in Li,La,Ti30;, with nickel ions.
The source of nickel is nickel chloride (NiCl,, Alfa Aesar, 99%). Li;La,;Ti3019 was mixed
in a 1:2 molar ratio with NiCl, in 100 ml water. The solution was heated at 50 — 65 °C for
8 days with continuous stirring. After 4 days, the powder is separated from the reaction
mixture and a fresh nickel chloride solution is added. Phase purity for
Lig3NiggsLa, T30 was confirmed by X-ray powder diffraction (XRD).
Lig3NiggsLa,Ti30,0 was refined on a tetragonal cell with a = 3.8483(1) Aandc=
26.9871(2) A.

Lithium intercalation was performed by reacting Lij3Nig ssLa,Ti30; and n-
butylithium (Aldrich 1.6 M in hexanes) in different molar ratios (1:1, 1:2, 1:4 and 1:10)
in inert atmosphere at 60 °C for 3-4 days. The final products were washed with
anhydrous hexanes under Ar and then dried under vacuum. The intercalated samples have

colors ranging from gray for the lowest lithium content, to black for the sample with the

highest lithium content.
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5.2.2 Characterization

The inductively coupled plasma emission spectroscopy (ICP) analysis was
performed to determine lithium contents. The samples were dissolved in concentrated
nitric acid. Standard solutions were prepared from Specpure Alfa Aesar 10,000 ug/ml for
lithium. All the standards and the samples were analyzed in a 5% HNOj3 solution
(vol./vol.). The composition of the final products corresponded to the general formula
(LixNi)La,Ti30,9, with x = 1.100 £ 0.004, 2.010 £ 0.008, 3.710 £ 0.002 and 8.0 £ 0.1 for
Lip3NiggsLa,Ti3019 to n-Buli 1:1, 1:2, 1:4 and 1:10 .

X-ray powder diffraction studies were carried out on a Philips X Pert System (Cu
Ka radiation A=1.5418 A) equipped with a graphite monochromator. Data were collected
in a continuous scan mode between 5 and 95° 20. The lattice parameters were refined
using POLSQ.!!

DC magnetic susceptibility measurements were carried out on a Quantum Design
MPMS-5S superconducting quantum interference device (SQUID) magnetometer
between 2 and 300 K at 1000 Oe. AC susceptibility was measured using a Quantum

Design PPMS between 5 K and 300 K.

5.3 Results

5.3.1 Structure
The intercalation of lithium in Lig3Nig gsLa,Ti30;¢ takes place in a topotactic

manner. The tetragonal unit cell shrinks along the c-axis and slightly increases along the
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a-axis with increasing lithium content for (Li; Niggs)La;Ti30;¢ and

(Li2,01Nig 85)La,Ti3049. Table 5.1 presents the variation of the unit cell parameters and
cell volume for the parent, Lig3NiggsLa,Ti30,0, (Li;1Ni)La,Ti30,¢ and
(Liz01N1)La,Ti301o. Figure 5.1 presents the X-ray powder patterns for the parent,
Lio3NiggsLa,Ti301¢ and the lithium intercalated series (LixNi)La,Ti30,¢. At higher molar
ratios, Lip3NiggsLarTi3019 to n-BuLi, 1:4 and 1:10, nickel is reduced to nickel metal.
This has been found by X-ray diffraction, after annealing the samples in sealed tubes for

one day at 350 °C.

5.3.2 DC and ac magnetic susceptibility measurements

The magnetic susceptibility as a function of temperature in a 100 Oe field, and the
linear fit of the reciprocal susceptibility versus temperature along with the hysteresis loop
at 5 K for Li; ;NiLa,Ti30;¢ are shown in Figure 5.2. From the linear fit a magnetic
moment was calculated, p = 8.7 pug and a Weiss constant of 48 K. The variation of the
magnetic moment as a function of temperature and the positive Weiss constant, suggest
that the transition at 23 K is ferromagnetic. The magnetic susceptibility as a function of
temperature in a 100 Oe field, and the linear fit of the reciprocal susceptibility versus
temperature along with the hysteresis loop at 5 K for Li, ¢;Nig gsLa;Ti30;¢ are shown in
Figure 5.3. From the linear fit a magnetic moment was calculated for
Liy 01NiggsLasTi3019, L =9.79 pup and a Weiss constant of -12.24 K. For the
Li 01Nig gsLayTi301, the transition at 23 K is suppressed, and the interactions between

the magnetic ions seem to be antiferromagnetic.
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FlgU re5.1 X-ray powder patterns for a) Li0.3Ni0.85La2Ti3010, b) Li; 1NiggsLarTi3019 C)
Li3.01NiggsLaxT13010 d) Liz 71Nig.gsLa;Ti3019 and €) Lig 04Nig.gsLa;Ti301.

Table 5.1 Cell parameters based on a tetragonal symmetry for Lig3NiggsLa,Ti301,
Lil_lNio.gsLazThO]o and Li2_01Ni0.g5LazTi3010.

Compound a(A) c(A) V(AY)

Lip3NigssLa,TizO19 | 3.8483(1) 26.9871(2) 399.6(6)
Li; 100NiggsLa; T3040 | 3.8656(2) 26.6674(2) 398.4(5)
Liz010NiggsLaxTi3010 | 3.8704(3) 26.6076(4) 398.5(3)
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Figure 5.2 Magnetic data for Li; 1NigssLa,Ti301¢: a) Susceptibility versus temperature in
100 Oe field; and b) Hysteresis loop at 5 K.

In Figures 5.4 and 5.5 the ac susceptibility for Li; ;NiggsLa;Ti3019 measurements
are presented. It can be seen from these figures, that both of the transitions (10 K and ~
20-24 K) seen in the parent, Li 3Nig gsLa;Ti301, are present in both the real and the
imaginary components of the ac susceptibility. In addition, the transitions seem to be
frequency dependent. AC measurements performed in a dc magnetic field are presented
in Figure 5.6 and 5.7. The transition at 10 K varies with the applied dc field. Also, the
transition at 23 K is suppressed by the applied magnetic field. Both of these transitions

seem to be stimulated by the presence of a 100 Oe, dc field.
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Figure 5.3 The magnetic behavior of Li; ¢;Nig gsLa,Ti30;0 a) The magnetic susceptibility
versus temperature in 100 Oe b) The variation of the magnetic moment with temperature
c¢) The reciprocal susceptibility versus temperature along with the linear fit; d) The
hysteresis loop at 5 K.
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Figure 5.4 The real part of the ac susceptibility versus temperature in 0 Oe field for
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Figure 5.5 The imaginary part of the ac susceptibility versus temperature in 0 Oe field
for Lil.lNi0.85LazTi3010.
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Figure 5.6 The real part of the ac susceptibility versus temperature in 0, 100 and 1000 Oe
field for Lil.lNi0.85LazTi3010.
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Figure 5.7 The imaginary part of the ac susceptibility versus temperature in 0, 100 and
1000 Oe field for Lil.lNio.g5LazTi3010.
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In Figures 5.8 and 5.9 the ac susceptibility for Li, ¢;Nig gsLa,Ti30;9 measurements
are presented. It can be seen from these figures, that only one transition, at 9 K, is present
in both the real and the imaginary components of the ac susceptibility. In addition, the
transition seems to be frequency dependent. AC measurements performed in a dc

magnetic field are presented in Figure 5.10. The transition at 9 K is rounded by the

applied magnetic field.
5
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Figure 5.8 The real part of the ac susceptibility versus temperature in 0 Oe dc field for
Liz01Nig gsLax Ti3010.
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Figure 5.9 The imaginary part of the ac susceptibility versus temperature in 0 Oe dc field
for Li2,01Ni0,85La2Ti3010.
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Figure 5.10 The real part of the ac susceptibility versus temperature in 100 Oe field for
Li2,01Ni0.85La2Ti3010.
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5.3.3 Band Structure Calculations

The changes that lithium content causes in (LixNi)La,Ti30,0 have been also
followed by extended Hiickel calculations performed using the YAEHMOP software
package.”) In Figure 5.11 are shown the density of states for (Li, {Niggs)La,Ti,0,,
and(Li, o;Nio.g5)La,Ti;0,,. The valence band is occupied by nickel 4s states. The Fermi
level energy increases with increasing lithium content.

G';

_5_| -

Energy (eV)

-20 I I \ \ \ T \ \ I \ \ \ \ \
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Figure 5.11 The density of states (DOS) for (Li,;Nigss)La,Ti;O,, and

(Li, 1 Nigs5)La,Ti;0y, . The Fermi level is indicated by the dashed horizontal line at -
12.68 eV and -12.57 eV, respectively. The total DOS are represented by a solid line. The
grey area represents nickel DOS.
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5.4 Discussion

Lithium intercalation in the Li3NiggsLayTi30¢ takes place in a topotactic
manner. The unit cell of the parent contracts along the ¢ axis and expands along the a axis
upon intercalation for Li; 1NiggsLa,Ti3010 and Liz 01 Nig gsLa,Ti301¢. This type of
behavior has been seen for other lithium intercalated compounds.' Lithium intercalates
in the Lig3NiggsLayTi30;¢ in a comparable amount with (VO)La, T30, for the same
molar ratio parent to n-BuLi (1:1 and 1:2). The higher lithium content samples contain
nickel metal.

In terms of their magnetic behavior, Li; ;NiggsLa;Ti301, retains the two magnetic
transitions seen in the parent, Lig3NiggsLa,Ti30;9. The magnetic moment increases upon
lithium intercalation from 2.97 pg for Lig3NigssLa,Ti3010 to 8.7 pp for
Li; {NipssLa,Ti301o. This can be attributed to the reduction of Ti*" (do) to Ti** (d]). Based
on the ICP composition of this compound, 30% of the titaniums have been reduced to
Ti’". This gives an average oxidation state for the Ti in the perovskite layers of +3.6.
Also due to this reduction, the ferromagnetic interactions in this compound intensify.
This claim is supported by the Weiss constant value, which also increases upon
intercalation from 5 K in Lig3NiggsLarTi3010to 48 K in Lij NiggsLarTi3010. Zener
suggested that in a mixed valence compound, the interactions between the magnetic ions
take place via a double exchange mechanism.!”! Also, he proved that for the lowest
energy configuration corresponds to a ferromagnetic arrangement of spins on the
transition metal in the two oxidation states (here titanium is in a 4+ and in a 3+ oxidation

state). Moreover, this ferromagnetic interaction is strongest when the angle between the
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Ti*" - O* - Ti*" is 180°, which is the case for Li; 1Nig gsLasTi3010./% In the zero dc field ac
susceptibility measurement, both of the transitions are present in the in phase and out of
phase components. The transitions are frequency dependent, and therefore they could be
either ferromagnetic or spin glass like.”? In 1000 Oe, the ac susceptibility behavior
changes as compared with the parent, Lig3NiggsLa,Ti3019. Both of the transitions round
with the applied dc field, which suggests not only that the frustration existent in the
parent is retained but also that lithium intercalation induces more frustration in the
magnetic interactions. This could be due to the disorder (50% occupancy on the nickel
site in Li; ;Nip gsLayTi301¢) and geometric magnetic frustration because of NiZ" - 0% -
Ti’" interlayer interactions. It is worth noticing that a magnetic field of 100 Oe greatly
stimulates both of the transitions. It is possible that this field corresponds to the energy
necessary for the spins to exist in a more stable configuration.

Upon increasing lithium content from Li; ;Nig gsLay;Ti3019 to Liz 01 NiggsLayTi301o,
an even more intriguing magnetic behavior is obtained. The magnetic moment increases
to 9.79 pp and the Weiss constant is -12.24 K, which suggests antiferromagnetic
interactions. The mean oxidation state for titanium in Li; 91 NiggsLarTi3010 1s +3.3. This
compound has only one magnetic transition at 9 K. The ac susceptibility data reveals also
only one frequency dependent transition in both the real and the imaginary part. Also in
the dc field ac measurement, this transition rounds even with small dc fields.” " This is
a typical spin glass transition, from a paramagnetic state with weak antiferromagnetic
interactions into a frustrated spin glass state.”’ " It is most likely that upon increasing
lithium content, increasing Ti’/Ti*" ratio, the interactions between the magnetic layers

(the perovskite block and the interlayer strata) become more competitive.
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Chapter 6
Vanadyl insertion and lithium intercalation in the single layered RP,
NaGdT|O4

6.1 Introduction

Layered perovskites of the Dion-Jacobson (DJ), A’[An-1BmOsm+1], and
Ruddlesden-Popper (RP), A’2[Am-1BmOsm+1], families, where A’= alkali or alkali earth
metal, A = rare earth or alkaline metal, B = transition metal, and m is the number of
perovskite blocks. The reactivity of the A’ cations make these compounds effective
precursors to new low temperature phases via topochemical routes. lon exchange
reactions with the single-layered perovskite, NaLaTiO4, have also resulted in a series of
new compounds. Monovalent exchange has produced KLaTiO4, AgLaTiO4 (o and P
forms) and HLaTiOs. Divalent exchange has resulted in alkaline, CagsLaTiO4, and
transition metal, My sLaTiO4 (M = Cu, Co, Zn) RP oxides.!™! Gopalakrishnan and
coworkers investigated the triple-layered perovskite, K;La;Ti30;¢ and reported initial
studies on the ion exchange of vanadyl species.”) Also, we reported an ion exchange
route via a solution reaction in NaLaTiO4 to produce Nao,l(VO)o,45LaTiO4.[6] Herein we
expand on this approach with a detailed study on the synthesis and characterization of the
new single-layered perovskite, Nag ¢s(VO)o4sGdTiO4. After the ion exchange step

reductive intercalation with n-BuLi was performed to form Li; gs56Nag 0s5(VO)0.48GdTiO4.
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6.2 Experimental

6.2.1. Synthesis

NaGdTiO4 was synthesized by conventional solid-state reaction with a method
similar to that of Toda et al.l” Initially, Gd,O; (Alfa Aesar, 99.99%) was preheated to
1000 °C for 16 hrs. before use to remove any hydroxide and carbonate contaminates.
Then stoichiometric amounts of La,0O3 and TiO, (Alfa Aesar, 99.99%) were combined
with a 40% molar excess of Na,CO; (Alfa Aesar, 99.99%) and heated in an alumina
crucible at 950 °C for 30 minutes. The final product was washed with warm water, rinsed
with acetone and dried at 150 °C overnight. Phase purity for NaGdTiO4 was confirmed by
X-ray powder diffraction (XRD). NaGdTiO4 was indexed on the tetragonal unit cell
a=23.7144(1) A and c = 12.2289(2), which is in agreement with the values reported in the
literature.!”

Ion exchange was used to substitute the Na ions in NaGdTiO4 with vanadyl ions,
(VO)**. The source of the vanadyl unit was vanadyl sulfate hydrate (VOSO4nH,0, Alfa
Aesar, 99.99%). NaGdTiO4 was mixed in a 1:1.5 molar ratio with VOSOy in 150 ml
water. The solution was heated for 48 hours at 50 °C with continuous stirring. The final
product was dark green in color. Nag 0s(VO)o4sGdTiO4 was then lithium intercalated. The
reaction was performed with n-BuLi in inert atmosphere, using a 1:2 molar ratio. The
reaction mixture was stirred for 4 days at room temperature in inert atmosphere. The

product was separated by vacuum filtration. The Li; ¢s¢Nag.05(VO)0.4sGdTiO4 compound

is black.
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6.2.2. Characterization

The Nag 05(VO)o.4sGdTiO4 phase could not be completely dissolved in a variety
of strong acids. So, to analyze the extent of exchange, the exchange solution after
reaction was analyzed for the sodium byproduct and unreacted vanadyl. The analysis was
carried out by inductively coupled plasma spectrometry (ICP). Standard solutions were
prepared from Specpure Alfa Aesar 10,000 pg/ml for sodium and vanadium. All the
standards and the samples were analyzed in a 5% HNOj3 solution (vol./vol.). For the
lithium intercalated compound, Li; gs6Nag.0s(VO).4sGdTiO4 the samples were dissolved
in 25 ml volumetric flask using 70% HNOs3, heated with stirring for 2-3 days. Then, part
of this solution was diluted to 5% HNO:s.

X-ray powder diffraction studies were carried out on a Phillips X’Pert System (Cu
Ko radiation A=1.5418 A) equipped with a graphite monochromator. Data were collected
in a step scan mode between 2 and 95° 20 with a step size of 0.02° and a counting time of
10 s. Structural refinement was done by the Rietveld method with the GSAS package of
programs.™ Thirty-nine parameters were varied including background, peak shape, cell,
atom positions, thermal parameters and occupancies. In the beginning of the refinement,
the Le Bail method ! was employed for the background and peak shape parameters. The
R-factor (R;), the weighted R-factor (WR,,), and the goodness of fit, xz, are defined as: R,
= 2[YioYiel/ Z Yio» WRp = [ZWi(¥io - yi)/ Zwi(¥io)']"*, Re = Z|[T(0bs)]* — [Ti(cale)] "2/
[Ik(obs)]l/ 2, and Xz = [pr/Rexp]z, where Reyp = [(N — P)/ Zwiyioz]l/ 2 and yio and yic are the
observed and the calculated intensities, w; is the weighting factor, N is the total number
of observed intensities when the background is refined, and P is the number of adjusted

parameters.
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Infrared spectroscopy (IR) was performed on a Perkin Elmer 2000 FT-IR; the
samples were analyzed as pellets in a 1:100 molar ratio with dry KBr. Magnetic
measurements were performed on a Quantum Design MPMS-5S Superconducting
Quantum Interference Device (SQUID) magnetometer between 2 and 300 K at 1000 Oe.
Thermal behavior was studied on a TGA 51 thermogravimetric analyzer and a Netzsch
404 S differential scanning calorimeter (DSC); measurements were performed in
oxidizing, inert and reducing atmospheres between room temperature and 800 °C by

heating samples at 10 °C/min in O,, Ar and H, (8% hydrogen in argon), respectively.

6.3 Results

6.3.1. Synthesis

Ion exchange reactions were performed between NaGdTiO, and aqueous vanadyl
sulfate solutions. XRD indicated that the reaction was complete after 48 hours when
carried out at 50 °C. Heating at temperatures higher than 70 °C leads to the formation of a
GdVO4 impurity phase. ICP was used to determine sodium and vanadium contents. This
elemental analysis shows a composition of Na:V:Gd:Ti = 0.05:0.48:1:1 corresponding to
Na.050+0.007(VO)0.48+0.0sGd T104. This compound was then intercalated with lithium. The
intercalation reaction is accompanied by a color change from green Nag 05(VO)0.4sGdTiO4
to black LixNag ¢s(VO).4sGdTiO4. ICP analysis showed that lithium content was x =

1.056 +0.009.
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6.3.2. Structure

Ion exchange takes place in a topotactic manner in that the structure of the
perovskite host is maintained. Figure 6.1 presents the crystal structures of
Nag.05(V0O)0.48GdTiO4. Figure 6.2 shows a comparison of the X-ray powder diffraction
patterns before and after exchange for the single layered RP perovskite. Table 6.1 shows
the variation in unit cell parameters and cell volume. The cells have been refined using
POLSQ.!"" There is about a 4 % reduction in cell volume on exchange with the greatest
change occurring in the ¢ direction (contraction ~ 0.4 A). This contraction can be

understood knowing that two sodium ions are replaced with one vanadyl cationic unit.

™)
o”)°
L

%
¢

Figure 6.1 Idealized crystal structure for Nag ¢s(VO).4sGdTiO4. V atoms are represented
with purple, Gd with green, Ti with yellow and oxygen with red. Sodium atoms are not
represented.

Structural refinement of Nag 05(VO).4sGdTiO4 was carried out by the Rietveld
method. The starting model was based on NaGdTiO4, where the atomic positions of
lanthanum, titanium and oxygen were kept the same as in the parent except that sodium
was replaced with vanadium at 2¢ (0 0 z) with 48% occupancy. An idealized crystal

structure is presented in Figure 6.1. The occupancy for vanadium was maintained

constant at 48% during the Rietveld refinement. While this model produced reasonable
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agreement factors and most of the atoms were well behaved, y* is still large. The
observed, calculated and difference plots for the refinement are shown in Figure 6.3 and

the structural information is provided in Table 6.2.
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Figure 6.2 XRD powder patterns for NaGdTiOs (top) and Nags(VO)o4sGdTiO4
(bottom).
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Table 6.1 Refined unit cell parameters for NaGdTiOs, Nags(VO)o4sGdTiO4 and
Li;.056Nag.05(VO).4sGdTiOy4 .

Compounds Unit cell parameters Cell volume
a(d) c(d) V(A
NaGdTiOy4 this work 3.7144(1) 12.2289(2) 168.71
Nag,05(VO)0.48GdTiO4 3.7075(4) 11.7898(2) 162.03
Li; 056Nag 0s(VO)0.4sGdTiO4 | 3.7798(1) 11.2413(2) 160.60
= —
o 0 .
£2) :
P
oL _
I\l’j
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Figure 6.3 Rietveld refinement of Nag ¢5(VO).4sGdTi04. Observed data is indicated with
crosses, calculated pattern as a solid line, and the difference is indicated at the bottom.
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Table 6.2 Crystallographic data for Nag ¢5(VO).4sGdTiO4*

Atom Site X y z g’ Uiso

Gd 2c 0.75 0.75 0.3856(1)  1.001(2) 0.012(2)
Ti 2c 0.25 0.25 0.2100(2)  1.030(7) 0.016(1)
Ol Af 0.75 0.25 0.7596(6)  0.990(2) 0.026(3)
02 2c 0.75 0.75 0.5843(1)  1.040(2) 0.015(3)
03 2c 0.75 0.75 0.9472(1)  1.070(2) 0.028(3)
\Y% 2a 0.25 0.25 0.04900 0.48 0.090(1)

“ P4/nmm (2™ choice of origin); Z = 2, R, = 8.18 %, WR,, = 10.68 %, y* = 3.08, R¢’* =
12.77 %; ° occupancy.
6.3.3. Thermal analysis

Above 300 °C, Nag05(VO)0.4sGdTiOy starts to degrade. XRD shows that GAVO,4
starts to form around 460 °C and at 700 °C is the predominant phase. The same behavior
was observed in oxidizing atmosphere. In reducing atmosphere, the material starts the

formation of GAVO; above 220 °C, and this is the predominant phase up to 800 °C.

6.3.4. IR data.

The presence of the VO unit in the structure is supported by the IR spectra, which
show the characteristic stretching band at around 1006 cm™. This is in agreement with the
accepted range for a vanadyl stretch, 950 - 1035 cm™ . A comparable value was
observed in the triple layered RP (VO)La,Ti30;¢ and for Nao,l(VO)O.45LaTiO4.[5 T IR also

supports the presence of water in Nag ¢s(VO).4sGdTi0,4 showing the corresponding

stretching bands of water around 1600 and 3400 cm'.
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Figure 6.4 Calculated (bottom), observed (middle) powder patterns for
Li1,056Naolo5(VO)o,4ngTiO4 and for Nao,oj(VO)o,4ngTiO4 (tOp).

6.3.5. Magnetic data

Magnetic susceptibility data for Nag ¢s(VO)04sGdTiO4 is shown in Figure 6.5.
Measurements were performed in a field of 1000 Oe as a function of temperature. The
compound is paramagnetic and exhibits Curie-Weiss behavior (Figure 6.5, inset). The

Curie-Weiss constant and magnetic moment calculated from the fitted data are 6 = - 8.06

K and pegr= 8.95 up per formula unit of Na0.05(VO)4sGdTiOs.
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The lithium-intercalated compound undergoes a paramagnetic to ferromagnetic
transition at 6 K. The susceptibility versus temperature is presented in Figure 6.6 and the

hysteresis loop at 2 K in Figure 6.7.
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Figure 6.5 Temperature dependence of magnetic susceptibility in 1000 Oe for
Nags5(V0O)p4sGdTiOs. The inset represents the reciprocal susceptibility versus
temperature and the solid line is the result of the linear fit.
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Figure 6.6 Temperature dependence of magnetic susceptibility in 1000 Oe¢ for
Li; 0s6Nag0s(VO)04sGdTiO4. The inset represents the reciprocal susceptibility versus
temperature and the solid line is the result of the linear fit.
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Figure 6.7 Hysteresis loop for Li; g56Nag 05(VO).4sGdTiO4 at 2 K.

6.4 Discussion

A vanadyl unit has been inserted in the single layered RP, NaGdTiO4. The
exchange occurs with structure retention. The vanadium ion is in a tetrahedral site
relative to the perovskite blocks. Vanadyl exchange for sodium occurs with a
considerable cell contraction. This happens because in order for the charge balance to be
maintained, for every two sodium ions that leave the structure there is only one vanadyl
unit, (VO)*', that enters the interlayer space. At the same time, this exchange opens the
structure to further chemistry. This is done by a reductive intercalation step when Ti*" is

reduced to Ti’".
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Thermal analysis shows that Nag ¢s(VO)0.4sGdTiO4 is low temperature phase. The
changes seen above 300 °C can be attributed to the instability of V** versus V" with
increasing temperature. At 800 °C, GdV Oy is the predominate crystalline phase in both
inert and oxidizing atmospheres.

In terms of magnetic properties, Nag ¢s(VO).43GdTiO; is a Curie-Weiss
paramagnet with a magnetic moment of 8.95 pg and a Weiss constant of - 8.06 K, which

suggests weak antiferromagnetic interactions. This value is higher than expected for two

non-interacting magnetic ions, ., = (Hay + tho)"” = (7.9° +1.73%)""? =8.08 . The

magnetic moment for NaGdTiOy is 7.89 pg.!'?! Also, the parent, NaGdTiO, follows Curie
law.[" It is most likely that the antiferromagnetic interactions take place between the
vanadyl units. The IR stretching frequency for the vanadyl units is in agreement with
little exchange between vanadium ions. This has also been seen in Nag gs(VO)g4sLaTiOs.
It is reasonable to assume that there are no interactions between the Gd** (f’) and the V**
(d") electrons given the fact that there is a layer of isolating Ti*" (d") between the two.
The compound formed by lithium reductive intercalation, Li; gs¢Nag 0s(VO)o4sLaTiO4 has
more complicated magnetic interactions. Now the system contains three magnetic ions,
V*, Gd*" and Ti*". The ZFC/FC split and there is a transition at 6 K. Also, there is a
hysteresis loop below this transition and a positive Weiss constant indicating
ferromagnetic interactions. Because of the high 6/T¢ = 28 value, there is a high degree of

frustration in the magnetic interactions.
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Chapter 7

Concluding Remarks

The theme of the present dissertation was the use of topotactic techniques
(divalent transition metal ion exchange and butyl lithium reductive intercalation) in the
preparation of new compounds with interesting magnetic and electronic properties. The
lesson we learned is that electron correlation effects and disorder govern the magnetic
and electronic behavior of these compounds. Electron correlation effects lead to electron
localization and therefore to insulating/semiconducting behavior, even if an empty d-
band is easily accessible to filling via reductive intercalation. Disorder induced in these
layered materials through a divalent ion exchange leads to unsatisfied magnetic
interactions. This is the case for magnetic frustrated systems, which because of the
impossibility of arranging the magnetic ions in a ferro or antiferromagnetic fashion; they
prefer to go in a state where all of the magnetic interactions are equally unsatisfied.
Overcoming these two undesired effects, correlation and disorder can be extremely
challenging.

For example, in the second chapter we saw that disorder caused by both a solution
reaction and by a 45% occupancy of vanadium site in Nag1(VO)o.45LaTiO4 gives rise to
paramagnetic properties. In the third chapter, the reductive intercalation of lithium in the
triple layered RP produced a series of mixed valence titanates. The presence of an extra
signal in the EPR data suggests that titanium from the perovskite blocks has been reduced
upon intercalation. The magnetic properties of the new compounds depend on lithium

content. At low lithium contents, these materials are Curie-Weiss paramagnets, while for
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high lithium content (x = 1.8), magnetic order is observed. This dissertation described the
structure, electronic and magnetic properties of this new series of compounds.

In the fourth chapter, a nickel layer has been inserted between the perovskite
blocks of a triple layer Ruddlesden-Popper titanate, Li,La,;Ti3O1. The magnetic data for
Lio3NiggsLaxTizO10 shows a Curie—Weiss behavior at high temperatures with a magnetic
moment in agreement with the existence of a Ni (e*,") in a tetrahedral site. At 23 K, a
ferromagnetic transition occurs. At lower temperatures (10 K), this system undergoes a
reentrant spin glass transition. In terms of electronic behavior, Lip3NiggsLa,TizO1p is an
insulator. Then, a series of mixed valence Ruddlesden-Popper titanates have been
prepared by reductive intercalation in Lig3NiggsLa,TizO10. The magnetic properties of the
new compounds depend on both lithium content and on the magnetic behavior of the
parent, LiosNiggsLa; TisO10. With increasing lithium content, the interactions between
neighboring nickel ions are less strong. At the same time, the ratio Ti**/Ti*" increases and
their interactions become prevalent. Though in this case, (LixNi)La,TizOqg is still a
frustrated magnetic system.

In chapter six, Nap o5(V0)0.48GdTiO,4 has been synthesized by an ion exchange
reaction between the single-layered perovskite, NaGdTiO,4, and VOSO,. Upon vanadyl
insertion, empty sites are generated at the interlayer space. On these sites, lithium is
intercalated by an n-BuL.i intercalation. The layered structure is preserved upon the
intercalation step. The magnetic moment for Nag 05(V0)0.4sGdTiO, increases from 8.95
ug to 10.69 ug on lithium intercalation. The magnetic behavior seems to change from

paramagnetic with a small antiferromagnetic component for Nag 0s(V0)0.4sGdTiO4 to a
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magnetically ordered material characterized by frustration for
Li1056Nao.05(VO)0.4GdTiOs.

Also, band structure calculations, provided us with a better understanding of these
materials. Band structures made it clear that whenever an ion exchange with an electron
rich transition metal ion or unit occurs, the resulting product would have the electronic
properties of the parent. This is because if one starts with the triple layered RP,
NayLa,TizO10, Which is an insulator with a direct band gap of approximately 5.4 eV,
because of the non-magnetic insulating perovskite blocks, [La;Ti3O40], the ion exchange
will produce a 2D magnetic insulating compound. If this compound is then intercalated
with an alkali metal, the transition metal in the perovskite block will be partially reduced.
The resulting compound would still be insulating/semiconductive depending on the
crystal structure, bandwidth and the average oxidation state on the transition metal ion in
the perovskite blocks. In this particular case, Ti is a 3d metal, and therefore has an
already narrow band. Electrons in narrow bands tend to be localized on the individual
atom due to electron correlation effects.

In the end, we have demonstrated the ability of these low temperature topotactic
routes to prepare new compounds. The properties of these new materials have been
examined and they can be categorized as diverse. One-step ahead, would be to investigate

how these topotactic reactions occur.
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Appendix 1

The insertion of a transition metal layer between the perovskite blocks

A.1.1 Introduction

The reactivity of the A’ cations makes the Ruddlesden-Popper compounds,
Az’[An_anO3n+ 1], effective precursors to new low temperature phases via topochemical
routes. One of the most effective topotactic routes is the replacement of the A’ cations via
an ion exchange reaction. These reactions can take place in either aqueous medium,
molten state or solid state. Monovalent and divalent ions can be exchanged. Monovalent
ion exchange has led to Li,La,Ti30,¢ and the acidic form H,La,;Ti30;¢ in a molten state
for the first and an acidic aqueous solution for the second.!" Divalent ion exchange
MLa;Ti30;¢ with M= Co, Zn, Cu have been performed using an eutectic mixture of alkali
metal chlorides and transition metal chlorides in a sealed tube.”!

This work constitutes an extension of such ion exchange reactions in the triple
layered Ruddlesden-Popper series to obtain Mng gL.a,Ti30,¢. This compound is obtained
by a solid-state reaction. This paper describes the synthesis, the crystal structure, thermal

behavior and magnetic and electronic properties of the new compound.
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A.1.2 Experimental section

A.1.2.1 Synthesis

First, the Na,La,Ti30;¢ prepared by a solid-state reaction from Na,CO; (Alfa
Aesar 99.99%), La,03 (Alfa Aesar 99.99%) and TiO, (Alfa Aesar 99.99%). A 30% molar
excess of Na,CO; was used to compensate for the loss due to volatilization. The reagents
were pressed into pellets, fired at 550 °C for 6 hours, and then sintered at 1050 °C for 12
hours. After the reaction, to remove unreacted Na,COjs, the sample was washed with
warm water and acetone and dried at 150 °C ovemight.[l] Phase purity for Na,La,Ti30
was confirmed by X-ray powder diffraction (XRD); the sample was indexed on the
tetragonal unit cell a = 3.8352(7) A and ¢ = 28.5737(7), which is in agreement with the
values reported in the literature.!"! Then sodium was replaced with lithium by an ion
exchange reaction between the Na,La,;Ti30;¢ and LiNOs3, in a 1:15 molar ratio for two
days at 300 oc ! Mny sLa,Ti30;9 was prepared in an evacuated tube. The reaction takes
place from MnCl, and either Li,La,;Ti30;¢ or Na,La,Ti30y. Initially, the reaction was
performed at 390 °C for 7, 9, 12 and 14 days using a 1:2 molar ratio Li,La,;Ti30;¢ or
NayLa,Ti3019 to MnCl,. An unidentified impurity phase was always present. Other
synthetic conditions were also tried. First, several other temperatures were employed.
These were 300 °C, 325 °C, 340 °C, 350 °C and 425 °C. Also, different molar ratios 1:1,
1:3 were tried. Finally, an aqueous solution reaction at 50 °C using a 1:2 molar ratio was
undertaken. The final product was washed with distilled water and acetone and dried at

100 °C overnight. Mng sLa,;Ti30;¢ has a yellow color.
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A.1.2.2 Characterization

Elemental analysis was carried out by energy dispersive spectroscopy (EDS) on a
series of individual crystallites using a JEOL (model JSM-5410) scanning electron
microscope (SEM) equipped with an EDAX (DX-PRIME) microanalytical system. X-ray
powder diffraction studies were carried out on a Philips X Pert System (Cu Ka radiation
A=1.5418 A) equipped with a graphite monochromator. Data were collected in a
continuous scan mode between 5 and 95° 20 with a step size of 0.02. The lattice
parameters were refined using POLSQ.

Thermal behavior was studied on a TGA 51 thermogravimetric analyzer and a
Netzsch 404 S differential scanning calorimeter (DSC); measurements were performed in
oxidizing and inert atmospheres between room temperature and 800 °C by heating
samples at 10 °C/min in O, and Ar, respectively.

Magnetic measurements were performed on a Quantum Design MPMS-5S
Superconducting Quantum Interference Device (SQUID) magnetometer between 2 and
300 K in 1000 Oe. Heat capacity, ac susceptibility and resistivity (two probe method)

were measured using a PPMS Quantum Design between 5 K and 300 K.

A.1.3 Results

A.1.3.1 Synthesis
The ability of Ruddlesden-Popper, A;La,;Ti30;9 (A = Li, Na, K), to undergo ion
exchange with manganese chloride has been investigated. Single phase Mng sLa;Ti3019

could not be obtained. The powder pattern for Na,La,Ti309, and Mng sLa;Ti30
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obtained at different temperatures are presented in Figure A.1.1. The reaction takes place
in an evacuated sealed tube using pellets of A,La,Ti30,9 (A = Li or Na). For a 1:2 molar
ratio, A,La,;Ti30;9to MnCl,, at 300 °C, the reaction does not occur after 7 days. For the
same molar ratio and reaction time, at 325 °C, the reaction is not complete. For 390 °C
and 425 °C, the impurity peaks appear more intense. The best reaction conditions were
found to be a 1:2 and a temperature of 340 — 350 °C for 7 days. The impurity peaks have
been reduced in these conditions. Even in this case, the ion exchange was not complete.
The chemical analysis of the final product indicated the ratio Mn:La:Ti 0.80(1):2:3.00(2).
Increasing the molar ratio, the temperature or the time length does not lead to any
improvement in manganese content or impurity level. The product is yellow, though
sometimes a green compound with the exact same composition and powder pattern is
obtained. This is presumably related to a certain amount of Mn®" that is oxidized to Mn®".
Because not all of the peaks in the powder pattern could be indexed, we concluded that
the sample contains a small amount of impurity (see Figure A.1.2).

The chemical reaction can be sometimes can be sometimes governed by the
formation of certain byproducts. In this case, the possible reactions are:
Na,La,Ti13019 + MnCl, — MnLa,Ti30;¢ +NaCl
Na,La,Ti3019 + 2 MnCl, — MnLa,Ti30;¢ +NayMnCly
Na,La,Ti3019 + 3 MnCl, — MnLa,T130;0 +2 NaMnCl;
Aqueous solution reaction (not shown) at 50 °C did not lead to the formation of the

desired product; instead a brown precipitate manganese oxyhydroxide, MnO(OH), was

formed.
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A.1.3.2 Structure

The ion exchange takes place in a topotactic manner. In Figure A.1.1 the XRD the
powder patterns for the Na,La,;Ti;0;9and Mng gLa,Ti30;¢ obtained using different
synthetic conditions are presented. The product has been indexed on a tetragonal unit cell
with the parameters listed in Table A.1.1.1*! A simulated versus observed powder pattern

for Mng gLa,Ti30 is presented in Figure A.1.2.

A.1.3.3 Thermal behavior

In terms of thermal stability, DSC (Differential Scanning Calorimetry) for
Mny gLa,Ti30;¢ in Ar shows that this compound is stable up to 900 °C. It decomposes
above 1000 °C into a metallic material. In O, this compound decomposes above 800 °C.
The thermal behavior in both oxidizing and inert atmosphere is presented in Figure A.1.3.
In addition, the XRD after DSC in O, is shown in Figure A.1.4. The decomposition

products were found to be La,Ti,07; and MnTiOs.
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Figure A.1.1. Comparison of the X-ray powder patterns for different conditions used for
the reaction Na,La,Ti30;9 + MnCl, for a 1:2 molar ratio and 7 days.

Table A.1.1. The unit cells for Li,La,Ti,O 105 Na,La,Ti,0,,and MngsLa,Ti,O,,

Compound a (A) c(A) Volume (A’)
Li,La,Ti,0,, 3.8411(6) 26.5601(2) 391.8(6)
NaLa,Ti,0O,, 3.8352(1) 28.5737(3) 420.28(3)
MngsLa,Ti,0,, 3.8137(1) 27.3296(2) 397.49(1)
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Figure A.1.2. Calculated (top) versus observed (bottom) powder patterns for
MnysLa,Ti30;9. The stars evidence the unindexed peaks.

A.1.3.4 Band structure calculations and transport measurements

Transport measurements on Mng sL.a;Ti30;¢ are consistent with an insulator
(resistivity greater than 1 GQ). The changes that manganese insertion causes in
Na,La,Ti30,9 have been also followed by extended Hiickel calculations performed using
the YAEHMOP software package.!'® The band structures along with the density of states
(DOS) are presented in Figure A.1.5. The Fermi level is at -10.9415 eV. The states below
the Fermi level are Ti s, d states and O s, p states. The bands a little below and at the
Fermi level are bonding and non-bonding combinations of Mn s, d with O s, p. The high-

energy states around -6 eV, that correspond to La, remain unoccupied.
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Figure A.1.4. X-ray powder patterns for Mng gLa,Ti;O after TGA in Os.
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A.1.3.5 Magnetic behavior and heat capacity

The magnetic susceptibility (ZFC/FC data) in a 1000 Oe field are presented in Figure
A.1.6. From the linear fit of the reciprocal susceptibility versus temperature, a magnetic
moment of 6.15 ug and a Weiss constant of - 196 K were obtained. The magnetic
moment is higher than expected for a Mn®" spin only system. At low temperatures, the
ZFC/FC curves split. Also, at 2 K there is a small hysteresis loop, presented in Figure
A.1.7. The heat capacity of MngsLa,Ti30 is presented in Figure A.1.8. There is no
transition to long range order in the specific heat measurement, so most likely

Mny sLa,Ti30;9 is an amorphous magnetic system characterized by disorder and maybe
frustration in the magnetic interactions. Though there is no transition to long range order
in the specific heat, the entropy levels off at ~ 15 J/ mole, which is the corresponds to a S

=R In(2S+1) = 14.88 J/mole, for an S =5 system. This can be seen from Figure A.1.9.
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Figure A.1.10. Heat capacity as a function of temperature for Mng gLa,Ti30; showing a
linear behavior for the C/T.

Also, as presented in Figure A.1.10, there is a linear behavior for the C/T versus T, at low
temperatures. This signals the presence of a spin glass behavior.

The ac susceptibility measurements revealed only one peak, very broad at 39 K in
the real and a very weak signal in the imaginary part (not shown). This peak corresponds
to the ZFC/FC split seen in the dc measurements. The real part ac susceptibility is
presented in Figure A.1.11. The signal does not seem to vary with applied ac frequency;
here are represented only two frequencies, 1000 and 2000 Hz. Also, there is no signal in

the imaginary part. This seems to agree with an antiferromagnetic arrangement of spins.
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Figure A.1.11. The real and imaginary part of the ac susceptibility for Mng gLa,;Ti301o.

A.1.4 Discussion

The ion exchange that replaces the alkali metal layer in A,La;Ti30;9 (Where A =
Li or Na) with Mn®" ions takes place in a topotactic manner. The unit cell for
Mng gLa,Ti130; 1s similar in size with CoLa,Ti30 10.[3] Manganese occupies a tetrahedral
site between the perovskite sheets. Thermal behavior of Mng sLa,Ti30¢ indicates that the
layered structure is maintained up to 900 °C in inert atmosphere. In oxidizing conditions,
probably the facile oxidation of Mn”" to Mn®", favors the formation of a more
thermodynamically stable phase, LaMnOs3, above 800 °C.

The compound is an insulator. The band structure calculations performed in this
study are not consistent with an insulating type of behavior. There are two possible

reasons for our calculations to fail explaining the observed resistivity data. One could be
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that the program we use to approximate the electronic properties, does not account for
electronic repulsions effects.

This material has unique magnetic properties. The magnetic moment calculated
based on the linear fit of 1/y versus T is higher than expected for a Mn** system. The
calculated magnetic moment is 6.15 up, while the expected value based on both spin only
and with a non-quenched angular momentum, is 5.92 pg.”! Also, the observed values for
d’ fons in the iron series ran from 5.8 pg to 6.00 . It could be that the impurity we see
in the XRD data (unindexed peaks in Figure A.1.2) is magnetic. Though this can be the
case, the possibility that this is an intrinsic property of Mng sLa,;Ti30;¢ cannot be ruled
out. The Weiss constant, 0 = -196 K, indicates strong antiferromagnetic interactions.
Although, the Weiss constant indicates antiferromagnetic interactions, no transition to a
long range order has been seen in the specific heat measurement. Moreover, the shape of
the C/T and entropy versus temperature suggest short range order interactions.!®! These
can be due to zero field splitting effects or single ion anisotropy. Also, MnLa,Ti30
could be a 2D system, and therefore the shape of the C/T and S is as expected.
Interestingly, the entropy increases with increasing temperature, and it levels off to a
value that is approximately what one might expect for an spin S =5, using S = RIn(2S+1)
= 14.88 J/mole. This can be seen from Figure A.1.8. Another indication of short range
order is the linearity of the C/T versus T for 4 — 20 K. This is known to be a characteristic
of spin glasses, which are nothing but short range ordered systems. In the real part of the
ac susceptibility measurement, there is only one broad transition at 39 K. At this
temperature, the two curves, ZFC/FC, split. In addition, this transition does not seem to

be frequency dependent. This rule out the possibility of either a spin glass or a
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ferromagnet since these would be frequency dependent. Therefore, at this point, this
transition could be classified as antiferromagnetic caused by short range interaction,

though a true long range order is not established.
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Appendix 2
Vanadyl insertion in the double and triple layered RP

A.2.1 Introduction

Layered perovskites of the Dion-Jacobson (DJ), A’[An-1BmO3sm+1], and
Ruddlesden-Popper (RP), A’2[Am-1BmOsm+1], families, where A’= alkali or alkali earth
metal, A = rare earth or alkaline metal, B = transition metal, m goes from 1 to infinity and
contain perovskite strata interleaved with A’ ion-exchangeable cations. The reactivity of
the A’ cations make these compounds effective precursors to new low temperature phases
via topochemical routes. In the case of the double layer RP, ion exchange lead to the
formation of the hydrogen form, H,SrTa,0-.!"! This could be topochemically condensated
in a three dimensional perovskite structure, Sro_sTa03.[2] Gopalakrishnan and coworkers
investigated the triple-layered perovskite, K;La,;Ti30,¢ and reported initial studies on the
ion exchange of vanadyl species.” Also, we reported an ion exchange route via a
solution reaction in NaLaTiO,4 to produce Nao.l(VO)0.45LaTiO4.[4] Herein we expand on
this approach with a detailed study on the synthesis of (VO)Gd,Ti,MnO and
(VO)SrTa,04. The instability of these compounds in acidic conditions prevented the

formation of (VO)Gd,Ti,MnO;pand (VO)SrTa,0.
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A.2.2 Experimental

A.2.2.1. Synthesis

The double layered RP compound, K;,SrTa,0; was prepared by a solid state
reaction from K,COj3 and SrCOj; and Ta,0Os mixed in stoichiometric amounts. The
mixture of the three solids was first fired at 850 °C for 6 hours and then at 1050 °C for 6
hours.” Then the final product was cooled naturally at 200 °C. The triple layered RP
perovskite, Na,Gd,Ti,MnQO, was prepared from Na,COs, Gd,03, TiO, and MnO, mixed
in stoichiometric amounts and fired at 1100 °C.[ The reaction takes place in 12-14 hours
with intermediate grindings every 30 minutes. All of the final products were washed with
warm water, rinsed with acetone and dried at 150 °C overnight. Phase purity for
K,SrTa,07 and Na,Gd, Ti,MnO,( was confirmed by X-ray powder diffraction (XRD).
K,SrTa,07 was indexed in a tetragonal cell with a = 3.8588(1) and ¢ = 22.0008(2).
Na,Gd, Ti,MnO, was indexed in a tetragonal cell with a =7.4202(1) and ¢ = 27.8479(2).
This values are in agreement with the values reported in the literature for these
compounds.>®

Ion exchange was used to substitute the Na and K ions in the double and the triple
layered RP with vanadyl ions, (VO)>". The source of the vanadyl unit was vanadyl sulfate
hydrate (VOSO4nH,0, Alfa Aesar, 99.99%). Different synthetic conditions have been

used to form (VO)SrTa,07 and (VO)Gd,Ti,MnO including various molar ratio and

reaction medium, temperatures and reaction time.
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A.2.2.2. Characterization

Energy dispersive spectroscopy (EDS) was carried out on a JEOL (model JSM-
5410) scanning electron microscope (SEM) equipped with an EDAX (DX-PRIME)
microanalytical system.

X-ray powder diffraction studies were carried out on a Phillips X’Pert System (Cu
Ko radiation A=1.5418 A) equipped with a graphite monochromator. Data were collected
in a step scan mode between 2 and 95° 20 with a step size of 0.02° and a counting time of
10 s. The unit cells for the studied compounds were found by indexing their powder
pattern using POLSQ."

Infrared spectroscopy (IR) was performed on a Perkin Elmer 2000 FT-IR; the
samples were analyzed as pellets in a 1:100 molar ratio with dry KBr.

Thermal behavior was studied on a Netzsch 404 S differential scanning
calorimeter (DSC); measurements were performed in inert atmospheres between room

temperature and 800 °C by heating samples at 10 °C/min in Ar.

A.2.3 Results

A.2.3.1. Synthesis

The ion exchange reaction was carried out to replace Na" and respectively K" ions
with the (VO)*" ion in Na,Gd,TixMnO, and K»SrTa,07 to obtain (VO)Gd,Ti,MnO, and
(VO)SrTa01.

Na,Gd,Ti;MnO;9+ VOSO4eH,0 — (VO)Gd, TiMnOjp + NaSO4

K,SrTa,07 + VOSO4eH,0 — (VO)SrTa,07 + K,S04
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The reaction between vanadyl sulfate and Na,Gd,Ti,MnO,( was carried out in aqueous
solution, typically 100 ml water, using 1.5 mmoles of reactant for 1 mol of the starting
material, at 100 °C under reflux. The reaction is considered to be complete after 5 days. A
color change from the black, Na,Gd,Ti,MnOQj, to green, (VO)Gd,Ti,MnO, is observed,
green being the characteristic color for the vanadyl salts. The XRD pattern of the starting
material and of the ion exchanged product along with elemental analysis reveal that,
(VO)Gd,TiuMnO forms (Table A.2.3, Figure A.2.4). Unfortunately, an unidentified
impurity is always present. Moreover, EDAX (Table A.2.4) showed that the amount of
Mn decreases upon ion exchange. This fact was also confirmed by ICP on the ion
exchange solution, after the completion of the reaction, when Mn was found (56.251
mg/l). It is known that the vanadyl cation is acidic in aqueous solution, in the conditions
of this reaction a pH = 2.4 was found. The reaction is pH sensitive so to increase the pH,
but still have vanadyl cations in solution (vanadyl cation is stable in solution up to pH
around 5), a standard buffer that insures a pH = 5 was used instead of water. The pH of
the vanadyl sulfate solution when dissolved in sodium phtalate (buffer) increases to 4.5.
The problem this time comes from the fact that the ion exchange is not taking place at the
same extent as it did in the aqueous solution. This is shown in Table A.2.4 in which
EDAX data from three samples, two in water and one in buffer are presented and for
comparison EDAX for the parent is presented. In water vanadyl sulfate hydrates:
VOSO4eH,0 + 4 H,0 — [VO(H,0)4]*" + SO4*

In addition, hydrolysis, and therefore the solution become acidic:

[VO(H,0)4]*" + 2 H,0 — [VO(H,0);(OH)]" + H;0", K

[VO(H,0)3(OH)]" + 2 H,0 — [VO(H,0)2(OH),] + H;0", K
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In buffer, the situation is different:

COOH COOH.
VOSO,
2 +— VO +S0,* +2 Na"
Ccoo

COONa
2

In the case of K,SrTa,05, there are two reasons for the ion exchange not to lead to
(VO)SrTa,04, one is the competitive reaction to form H,SrTa,07 and the other is the
instability of K,SrTa,07 in an acidic medium. K,SrTa,05 is not stable under a pH of 6.
This is outlined in the scheme below.

K,SrTa,0, —¥°" »\V0)SrTa,0,
H',100° C, 7 days

H,SrTa,0,
-Hzol 400° C, Ar

28r,,Tao,

A.2.3.2. Structure.

Ion exchange takes place in a topotactic manner in that the structure of the
perovskite host is maintained. Figure A.2.1 presents the crystal structures of the two
hosts compounds. Figure A.2.2 shows a comparison of the X-ray powder diffraction
patterns before and after exchange for the single layered RP perovskite. Table A.2.1
shows the variation in unit cell parameters and cell volume. For the double-layered RP, a
comparison of the XRD powder patterns before and after the ion exchange reaction is

presented in Figure A.2.4. A unit cell for this compound was not obtained due to its poor
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crystallinity. In the case of the triple layered RP, Na,Gd,Ti,MnO, the powder pattern
for the parent and ion-exchanged product are represented in Figure A.2.4. The refined
cell parameters are in Table A.2.3. The compound forms, but there is a small amount of
Mn-containing impurity. Also, elemental analysis shows (Table A.2.3) that there is a loss
of manganese accompanying the ion exchange reaction when the reaction is performed in
water. Also as seen from Table A.2.4, when the reaction is in buffer, this consumes the

vanadyl cation, so the exchange rate decreases dramatically.
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‘I 08‘ “‘; ;‘ J

Figure A.2.1. The double and triple layered RP used in this study.
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Table A.2.1. Refined unit cell parameters for Na,Gd,Ti,MnO;y and (VO)Gd,Ti,MnO

Compounds Unit cell parameters Cell volume
a(A) c(A) Vv (A%

Na,Gd, Ti;MnO this work 7.4202(1) | 27.8479(2) 1533.28

(VO)Gd,Ti;MnOy 7.4909(4) | 25.4383(2) 1427.43

Counts

600 —

400 —

200 —

200 —

100

10 20 30 40 50 60 70 80 90

Position [°2Theta]

Figure A.2.2 XRD powder patterns for K,SrTa,O7 (bottom) and (VO)SrTa,05 (top).
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A.2.4.3. IR data
The presence of the VO unit in the structure is supported by the IR spectra, which
show the characteristic stretching band at around 1012 cm™. A comparable value was

observed in the triple layered RP, (VO)La,Ti30¢ and for Nao,l(VO)0.45LaTiO4.[3 4l

1.6
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1.2

1.0 A

0.8 —

o _-J | B TS | N VO

0.4 H

|

O'O_ L] I L] I L] I L] I L] L;"’JI I L] I L] I L] I L] I L] I L] I L] I L] I L] I L] I L] I L]
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Figure A.2.3. XRD patterns for Na,Gd,Ti,MnO;y (bottom) and (VO)Gd,Ti,MnOy,
(top).
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Table A.2.2. EDAX for the ion exchange reaction between Na,Gd,Ti,MnO;y and

VOSOs.

Sample type

Na,Gd,Ti,MnO,,+VOSO, in buffer

Na,Gd,Ti,MnO,,+VOSO, in water I

Na,Gd, Ti,MnO,,+VOSO, in water II

Na,Gd,Ti,MnO,,

A.2.4 Discussion

EDAX results in Na:Gd:Ti:Mn:V ratio

0.44:2.33:2:0.75:0.2

0.17:2:1.7:0.45:1.35

0.23:2:1.8:0.52:0.97

2:1:1.6:1:0

The ion exchange reaction leads to the vanadyl insertion only for the single

layered RP compound. The reaction is prevented to occur in the double layered RP,

K,SrTa,07, due to the competition between the H' and VO** moiety mobilities in

solution. Another factor that precluded the formation of (VO)SrTa,Oy is the instability of

K,SrTa,07 under a pH of 6. The XRD on the final product showed that the layered

structure has been maintained. XRD after TGA in Ar shows that the decomposition



product is the defective perovskite phase SrgsTaOs. This compound is obtained by a
condensation reaction from H,SrTa,O-.

In the case of the triple layered RP, Na;Gd,Ti;MnO, a loss of the manganese
ions from the perovskite blocks occurs upon ion exchange. This means that the acidity of
the vanadyl sulfate solution attacks and partially destroys the perovskite blocks. When
the reaction is performed in buffer, apparently, the buffer binds the vanadyl unit and

therefore the ion exchange does not occur.
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Appendix 3
The insertion of a transition metal layer between the perovskite blocks

A.3.1 Introduction

The reactivity of the A’ cations makes the Ruddlesden-Popper compounds,
Az’[An_anOmﬂ], effective precursors to new low temperature phases via topochemical
routes. One of the most effective topotactic routes is the replacement of the A’ cations via
an ion exchange reaction. The assembly of a transition metal halide layer between the
perovskite sheets has been proved only for the Dion-Jacobson series.!'! This work
constitutes an extension of such ion exchange reactions in the triple layered Ruddlesden-
Popper series to obtain (FeCl)La,;Ti30;¢. Herein, we describe the synthesis, the crystal

structure and magnetic properties of the new compound.

A.3.2 Experimental section

A.3.2.1 Synthesis

First, the Na;La,Ti30;¢ prepared by a solid state reaction from Na,CO; (Alfa
Aesar 99.99%), La,O5 (Alfa Aesar 99.99%) and TiO, (Alfa Aesar 99.99%).11 A 30%
molar excess of Na,CO3 was used to compensate for the loss due to volatilization. The
reagents were pressed into pellets, fired at 550 °C for 6 hours, and then sintered at 1050
°C for 12 hours. After the reaction, to remove unreacted Na,COs, the sample was washed

with warm water and acetone and dried at 150 °C overnight. Phase purity for
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Na,La,Ti30,9 was confirmed by X-ray powder diffraction (XRD); the sample was
indexed on the tetragonal unit cell a = 3.8352(7) A and ¢ = 28.5737(7), which is in
agreement with the values reported in the literature.” Then sodium replaced with lithium
by an ion exchange reaction between the Na,La,Ti30;9 and LiNOs, in a 1:15 molar ratio
for two days at 300 °C. The attempt to prepare (FeCl)La,Ti3;0,0 used a sealed tube
reaction. This takes place from either Li,La,;Ti30;¢ or Na,La,Ti30; and FeCls pelletized,
in 1:2 molar ratio and a temperature of 250 °C for 7 days. The final product was washed
with distilled water and acetone and dried at 100 °C overnight. Fe(,La,Ti30¢ has a dark

brown color.

A.3.2.2 Characterization

Elemental analysis was carried out by energy dispersive spectroscopy (EDS) on a
series of individual crystallites using a JEOL (model JSM-5410) scanning electron
microscope (SEM) equipped with an EDAX (DX-PRIME) microanalytical system. X-ray
powder diffraction studies were carried out on a Philips X Pert System (Cu Ka radiation
A=1.5418 A) equipped with a graphite monochromator. Data were collected in a
continuous scan mode between 5 and 95° 20 with a step size of 0.02.

Magnetic measurements were performed on a Quantum Design MPMS-5S
Superconducting Quantum Interference Device (SQUID) magnetometer between 2 and

300 K at 100 Oe.
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A.3.3 Results

A.3.3.1 Synthesis

The ability of Ruddlesden-Popper, A;La>Ti3010 (A = Li, Na, K), to undergo ion
exchange with iron (III) chloride has been investigated. Chemical analysis, EDAX
indicated a ratio Fe:La:Ti 0.620(1):2:3.004(2). In addition, no chlorine was found in the
sample. The expected reaction was:
Na,La,Ti3040 + FeCl; — (FeCl)La,Ti30;¢ + 2NaCl
The route the reaction went was:
FeCl; — FeCly+ % CL, !

NazLazTi3010 + FCC12 i FeLazTi3010 + 2NaC1

A.3.3.2 Structure

The ion exchange takes place in a topotactic manner. In Figure A.3.1 the XRD
powder patterns for the Na,La,Ti30;9and Fep ;La,Ti30,¢ are presented. The ion-
exchanged material was refined on tetragonal Bravais lattice with the cell parameters

listed in Table A.3.1. Figure A.3.2 shows a calculated versus observed powder pattern for

Feo,62La2Ti3010.
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Table A.3.1. The variation of the unit cell parameters and volume for all of the
investigated materials

Compound a(A) c(A) Volume (A%)
Li,La,Ti,0,, 3.8411(6) 26.5601(2) | 391.8(6)
NapLa,TiO,, 3.8352(1) 2857373) | 42028(3)
FeoLa, Ti,0,, 3.8067(1) 272126(2) | 394.33(1)
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Figure A.3.1. X-ray powder patterns for Na,La,Ti;0,9 and Feg¢La,Tiz019
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Figure A.3.2. The observed versus calculated powder patterns for Feg ¢,La;Ti3019

A.3.3.3 Magnetic behavior

The magnetic data, ZFC/FC is presented in Figure A.3.3. The magnetic moment
calculated based on the linear fit is 5.2 pg, which is consistent with Fe** (d°).”! The Weiss
constant is 6 = 190 K, and this indicates strong ferromagnetic interactions between the
magnetic ions. A transition occurs at low temperatures, at 20 K, where the two curves,
ZFC/FC split. Also below this transition, there is a hysteresis loop, at 7 K. The hysteresis
loop for Fep ¢:La,Ti304 is presented in Figure A.3.4. This is also an indication of

ferromagnetic exchange between the Fe** ions.
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Figure A.3.3. Susceptibility versus temperature for Feg ¢LasTi3010. The inset shows the
reciprocal susceptibility versus temperature with the linear fit from which a magnetic
moment and a Weiss constant were extracted.
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Figure A.3.4. Hysteresis loop for Feg¢La;Ti3010 at 7K.
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A.3.4 Discussion

The reaction to form (FeCl)La,Ti30,¢ does not occur. Elemental analysis and
magnetic data are consistent with Feg ¢:La,Ti301o. It is known that trihalides of first row
transition metals are not stable towards their dihalide counterparts.””) In vacuum
conditions, it is reasonable to assume that iron trichloride decomposed to the dichloride
and released chlorine gas.”) Upon ion exchange, the layered structure of the parent is
maintained, with a contraction of the cell along the ¢ axis. The magnetic behavior of this
compound suggests ferromagnetic interactions going on below 25 K. The magnetic
moment is in agreement with Fe*" not with Fe’”.

It would be interesting to do the same reaction with FeCl, to see if the same
results are obtained. Byeon et al., tried this reaction using an eutectic mixture KClI

+FeCly, and they claim to have seen iron oxide impurities in the sample.*
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