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ABSTRACT

This thesis describes crystallographic, magnetic and electrical studies of some
mixed metal perovskites. In the first part, the charge distribution, magnetic and
electrical properties of mixed metal rhodium-copper perovskite oxides were
investigated. Various series with the general formula Ln;yA,Rh1.5,CuxB,O3 in which
(Ln = La*, Tb*; A = Ca?*, Sr**, Pb*, Bi**; B = S¢**, Cu**, Zn®*; y < 0.3, x < 0.25),
have been synthesised by solid state reaction, and characterised by X-ray diffraction,
scanning electron microscopy and physical property measurements and, as available,
neutron diffraction and X-ray absorption near edge structure measurements.
Structures were invariably orthorhombic with space group Pbnm with the Rh and Cu
ions disordered on the same site. X-ray diffraction measurements of selected samples
showed that the orthorhombic structure persisted over a wide temperature range, 30
to 900 °C. All the samples are semiconductors and paramagnetic over the
temperature range 4-300 K.

Doping a divalent cation onto the B site appears to have a significant impact on
charge delocalization between Rh*"** and Cu?”** ions due to the oxidation of Rh**
to Rh*" required to maintain the overall charge. That was most evident from the Rh
L; XANES measurements of the LaRh;.»CusOs and La;PbyRhgsCugs03 series.
Powder neutron diffraction measurements of Lag 75Pbo25RhosCug 252002503,
LaRhosCup25Zn0 2503 and Lag 75Pbg2sRhosCups03 show no evidence for anion
vacancies and it is postulated the oxides do not contain appreciable amount of
oxygen vacancies. The magnetization curves show negative values for Weiss
constants indicating weak antiferromagnetism may be present but there is no
indication for long range coupling in the oxides.

There are several factors that may influence the magnitude of the cell volume,
octahedral distortion, octahedral tilting, magnetic interactions and electronic
properties. These include ionic size, effective charge, electron configuration and
electronegativity. In addition the charge delocalization and local ordering effects can
play a role. The present work has demonstrated that:

a) The changes in the unit cell volume and the octahedral distortion of the
isovalent doped oxides such as Lag7sAq.25Rho7Cug 303 where A = Ca®*, Sr** and Pb**
are consistent with the increase in the ionic radii, whereas the decrease in magnetic

moments of these is correlated with the increase in the electronegativities of the



dopant cation. The unit cell volumes for the terbium oxides are somewhat smaller
than found in the analogous lanthanum oxides reflecting the small ionic size of Th*".
b) The divalent cation doped oxides LnRh;.oxCu,O3 and LnRh.oxCuyZn,O3
display lower cell volumes and octahedral distortions but higher magnetic moments
and electrical conductivities than the trivalent cation doped oxides LnRh;.oxCuxScyO3
as consequence of charge delocalization. The electrical conductivity of the oxides
increases as the divalent dopant content increases possibly because of an increase in
carrier concentration that occurs as consequences of the formation of ionic defects
due to the oxidation of Rh** (3d°) to Rh*" (3d°).
c) The electron configuration influences the spin coupling and the band gap and
this is most evident in the Pb?* and Bi** (6s%) doped LaRhy.,xCu,,O3 oxides which
exhibited the lowest magnetic moments and the highest activation energies among
the oxides studied. Compared with the analogous lanthanum oxides, the magnetic
susceptibilities of the terbium oxides increased as a consequence of the contribution
of Tb** 4 f electrons.
d) Changing the A site composition resulted in anomalous changes in the cell
volumes, octahedral distortions, electrical resistivity and magnetic susceptibility of
the La;«PbyRhosCupsO3 and La;xBixRhosCugsO3 perovskites. This is likely a
consequence of charge delocalization and short-range local ordering effects.
Increasing the doping on the B-site resulted in either a decrease or increase in the cell
volumes and the magnetic moments, depending on the dopant type cation.

The final part of this thesis describes the structure of some Ba;xSr1+xBOs5 (B =
Nb>* and Ta’*) perovskites. These were characterised by scanning electron
microscopy, thermogravimetric analysis, X-ray and neutron diffraction. The
preparation of these used solid state methods but the initial reactions were conducted
under different media. Four compounds were prepared and these all have a face
centred cubic structure with space group Fm3m. The two synthetic methods produce
monophasic powders and these differ in color, particle size, and hardness. The cell
edges of the oxides obtained by mixing the reactants with water are larger than these
obtained when the mixing was conducted with acetone. The neutron diffraction
profiles demonstrate that the A cation and oxygen ions are disordered in the
BaSr,NbOs 5 and BaSr,TaOs s structures. The unusual thermal expansion of the unit
cell is due to the presences of water and anion deficiency into the oxides structure.
The oxides were found to absorb CO, atmosphere during storage.
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Introduction

1.1 Motivation and Objectives of the Study

Perovskite type oxides with the general formula ABO3; have been the focus of
numerous studies. The major interest in such materials typically stems from their
applications in the modern chemical industry such as catalysts, sensors and optical
devices. The perovskite type oxides exist in a variety of compositions and structures
each associated with unique electrical and magnetic properties ™.

Historically, CaTiO3 oxide was the first perovskite type material discovered in
nature in 1839 . Since then, many investigations of perovskites have been made.
Significant outcomes of this research were the synthesis of perovskite materials in
the laboratory 1929 B! the characterization of the crystal structure of BaTiOs using
X- ray diffraction in 1946 1. The employment of modern techniques such as X-ray,
electron and neutron diffraction enables scientists to explore the precise structural
details of the compounds. The importance of collecting the structural data is to
analyse and to understand the nature of the physical proprieties of the perovskites,
such as ferroelectricity, colossal magnetoresistance and piezoelectricity.
Ferroelectricity (FE) in perovskites was initially discovered in BaTiOg in 1944 & 4
Subsequently, more oxides were investigated and revealed as FE materials. The lead
zirconate titanates Pb(Zr1Tix)O3 (PZT) and the alkali niobates ANbO3; were among
those reported as FE solid solution systems ). Colossal magnetoresistance and the
piezoelectricity were also first reported in the mixed valence perovskite manganites
and the PZT compounds in 1950s ® ©. The mid 1980s saw the discovery of the
photo-destructive effect in PZT oxides [V and the superconductivity in Cu oxide
systems . Such fascinating discoveries have led to intensive exploration of the
structural and electronic behaviour of perovskites. Subsequently, many contributions
and findings have been published addressing different properties of these oxides L.

Research in perovskites has benefited from scientific and technical
developments in synthetic methods. For instance, the sol-gel techniques for
preparing FE films, the integration of FE films to silicon technology and the growth

of relaxor single-crystal materials for piezotransducers were developed in 1980s and
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1990s ). Despite the enormous efforts deployed in recent years, there are still many
aspects of perovskites that remain unexplored.

One of the promising approaches to understand the physical proprieties of the
perovskites is to track and determine the modification in crystal structure upon the
changes in solid solutions. Perovskites are capable of accommodating different
combinations of cations, so long as the crystal charge is neutral. The present work
investigates the influence of changing the chemical compositions on the electrical
and magnetic properties of some mixed metal perovskite oxides with general
formula: Lny.,A,Rh; 2CuxBcO3 and AA"(BB*)Oss where Ln = La** and Tb**, A =
Ca®*, Sr**, Pb?* and Bi**, B = S¢**, Cu** and Zn**; y < 0.3, x < 0.25; A, A" & B =
Sr?* and Ba®*, and B*= Nb>* and Ta’".

The aim of this study is summarised in the following general points:

a)  The determination of Rh oxidation states in the series La;.xAxRh1.2xCuyBxOs.

b)  The study of the impact of charge delocalization between the B site cations on
the physical properties such as crystal structure, electrical conductivity and
magnetization.

c) Establishing the relationships between cation content and the changes in the
perovskites properties.

d)  Finding mathematical functions to link the values of these properties with the
various potential differences, as well as to explore if any of the compounds
may be suitable for use as semiconductors, selective electrode or in
photoelectric cells industry.

e)  The investigation of the doping effect on the oxidation state of Tb ions as well
as the physical properties of the Th oxides.

f)  The characterization of the Nb and Ta oxide structures and studying the effect

of water on them.
1.2 Thesis Outline
The structure of this thesis is outlined as followed:
o Introduction:

The chapter presents general background on the perovskite structure,
derivatives, chemical synthesis, physical properties, applications and literature

review for the relevant systems.
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o Experimental Section:
In this section, details of the sample preparation methods, characterization

techniques and the instrumentation are provided.

o Results and discussion:
In this part, experimental results and discussion for the different series studied

are presented in four chapters:

a)  Lag75A025Rh14CuyO3 and La;xAxRho5Cug 50s3.
b)  LaRh;CusBxO3 and Lag75A0.25 Rh1oxCuyBOs.
c)  TbRhyCuyBxO3 and Tho75A0.25 Rho sCug 40s.
d) AA*(BB")Oss.

1.3 General Background

In the present chapter, some general background and information on perovskite
type oxides, including their chemical structure, derivates, distortions, defects and
physical properties is introduced. In addition, a literature review for relevant papers
of the study is present.

1.3.1 Perovskite Structure and Derivatives

Generally, perovskite type oxides contain two different cations, each
surrounded by oxygen anions . The larger cation which can be alkali, alkaline
earth, or rare earth has, ideally, dodecahedral symmetry, whilst the smaller cation
which can be a transition metal ion, is six coordinate ™. The cubic structure cannot
be formed if the Goldschmidt tolerance factor is not in the range of 0.8 to 1.0 M,
Equation 1.1 defines the tolerance factor (t) 2.

Rp+R,

7= Rty L1

R4, Ry and Ry are the ionic radii of the larger, oxide and smaller ions.

Despite the simplicity of the cubic perovskite crystal structure, this structure
can tolerate significant non-stoichiometry and partial substitution. Consequently,
perovskite compounds show a diversity of structural modifications and variants.
These derivatives could be classified to three main types: cubic perovskites, double

perovskites and layered perovskites.
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1.3.1.1 Cubic Perovskites (ABO3)

The ideal cubic perovskite has a symmetric structure and crystalline in space
group Pm3m. It is represented by the general formula ABOs, in which A is the larger
cation and B is the smaller. The B cations form BOg units in octahedral coordination,
that are joined at the corners; while the A cations forming AOi; groups in
dodecahedral coordination; these occupy the holes that were created by B cations in
the framework. For instance, in SrTiOs, the Sr ions occupy the 12 coordinate sites,
while Ti ions sit in the six coordinate sites ! A representation of the SrTiOs cubic

structure is shown in Figure 1.1. The equivalent positions of the A and B sites cations

in the ideal unit cell are (0, 0, 0) and (%, % %) respectively, and for the oxygen anions

are (%, 0, 0).

Figure 1.1 Representation of the ideal cubic perovskite SrTiO; with space group
Pm3m . The green, blue and red spheres are the Sr**, Ti** and O% ions. The blue

octahedra show the 6- coordinate geometry of Ti*" cations.

The variation of the A and B site cations, depending on the constituent
properties such as ionic radius, valence and electronegativity, influences the local
symmetry of the perovskite structure resulting in deviations from the ideal.
Consequently, perovskite oxides with other structures are often encountered at room
temperature (RT), although there are examples that transform to the cubic structure
at high temperatures. For example, the perovskite oxide CaTiOs; exhibits an
orthorhombic structure with space group Pbnm below 1380 K. Increasing the
temperature results in a series of transition phases, ultimately to the ideal cubic
structure above 1580 K [,
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1.3.1.2 Double Perovskites (AB1.xBxO3)

In the double perovskite structure, the unit cell length is twice of that of the
cubic perovskite M. That is because the two different B type cations alternate at 6
coordinate sites in a NaCl type ordering, while the one type of A cation occupies the
12 coordinate site. The formation of such structures is described in B-cation
arrangement in double perovskites by Poeppelmeier and co-workers ™. The
Sr,FeMoOg oxide is an example of an ordered double perovskite where Fe and Mo
ions occupy the B sites, and Sr the A site [ 1. Ordering of the octahedral cations is
particularly common when x = 1/2, 1/3 and 1/4 and there is a large difference in the
ionic radii and/or oxidation states of the octahedral cations 7. Figure 1.2 shows a
rock-salt type ordering in double perovskite structure. The ideal structure of double

perovskites is cubic and belongs to space group Fm3m. The positions of the atoms

in the cubic double perovskite unit cell are (0, 0, 0) and (%, % %) for the two B site

atoms and (i, i, i) for the A site atom. The oxygen anions sit at (X, 0, 0) where x ~

N

[17]

Figure 1.2 A rock salt ordering in double perovskite structure ™. The black, gray
and red spheres are the A site, B site and oxygen ions. The blue and yellow

octahedra containing the two different B site cations are rock-salt ordered.

Oxides with general formula ABO; can also form double perovskites structure,
if one type of the B site atom has two different oxidation states in the framework. For

instance, BaBiO3 forms a double perovskite structure due to the oxidation of Bi from
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3+ to 5+. The two Bi ions share the corner of the octahedral site on the structure ™,

The materials reported in chapter 6 are double perovskites.
1.3.1.3 Layered Perovskites (A(n-l)B (n)O(3n+1))

The three most important classes of layered perovskites structure types are the
Ruddleson-Popper, Aurivillius and Dion-Jacobson phases. In each case, a number of
two dimensional (2D) slabs are inserted into the ABO3 structure with different offsets
creating layers. Generally, layered perovskites are represented by the formula
An+1)B nOn+1) Where n indicates to the size of 2D slab. If the slab is one, two or

three BOg units thick, n will equal to 1, 2 or 3.... For instance, Sr,RuQ, is Ruddleson-
Popper phase with a motif of SrO layer and SrRuO3 slabs offset at a (%, %) translation
[20.211 Bj,TiNbOg perovskite is an example of an Aurivillius phase, the motif is a a-
PbO type Bi,O, layer and the slabs displace a (%, % ) translation ?; KLaNb,0; is
Dion-Jacobson phase is formed by a layer of potassium ions and LaNb,Og slabs
displacement at (%, 0) 2 Representatives of Sr,RuO, and SrsRu,0; layered

perovskite structures are shown in Figure 1.3.

Figure 1.3 Representatives of Sr,RuO4 and SrsRu,O; layered perovskite structures

21 The cyan, orange and red spheres are the strontium, ruthenium and oxygen ions.

Sr3Ru,07 structure consists of two layers of corner-sharing RuOg octahedra
interleaved with SrO rock-salt layers, i.e., STO(SIRUO3), (n = 2) . The Ru atoms
are located in the centre of each octahedron and the crystallographic c-axis is shown
in the vertical direction of Figure 1.3. There are two oxygen atoms in Sr,RuQy at (0,
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0, z), referred to as the apical O atoms and four oxygen atoms at (O, % 0) and at

equivalent positions, the equatorial O atoms °!.

1.3.2 Structural Distortions

Distortions in perovskites occur as a consequence of competition between
cations. The deviation from the ideal cubic structure to orthorhombic, rhombohedral,
tetragonal etc... represents a common distortion in perovskites ). As seen in Table
1.1, the variation in either A or B site type cations results in changes in the unit cell
symmetry. For instance, the crystal structures of the titanates perovskites CaTiO3 and
BaTiOs are derived the high symmetry Pm3m structure as result of Ca and Ba
substitutions on the A site respectively. The rare earth oxides LaBO3; (B=V, Cr, Fe
and Rh...) also show the replacement of the B site cation, by either Al or Ni, lowers
the crystal symmetry of these from orthorhombic to rhombohedral. Distortion
mechanisms in perovskites can be described by octahedral tilting, octahedral

distortion and lattice parameters distortion in the unit cells.

Table 1.1 Chemical formula, Crystal structure and Space group for some perovskites
at RT.

Chemical formula Crystal Structure Space Group
SITiO; 28 KTa03 %%, BaSnO; B, _ _
—— Cubic Pm3m
EuTiO3
CaTiOs 2, ScAlO; ¥, CevOs B4, _
25 26 a7 Orthorhombic Pbnm
GdFe0;*®™ | LaRhO; B, ThFeO; 1*]
BiFeO; ™, LaAIO; %, LaNiOs M, B
Rhombohedral R3c
NdAIO; !, prAlO, M2
PbTiO; ™ BaTio, 4 Tetragonal P4mm
BaThO; !, CeAlO; %% Tetragonal [4/mem
BiCrO; "1 BiMnO; 4] Monoclinic c2
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1.3.2.1 Octahedral Tilting

Tilting in perovskites occurs when the A site cation is too small for the cavity
formed by the corner sharing octahedral network ™7, Consequently the octahedra,
formed by the oxygen surrounding B-site cations, rotate about the three axes (X, y, z)
reducing the bond-distance mismatch, and lowering the unit cell symmetry.
Octahedral tilting is characterized by two means: tilt system and tilt angle. The tilt

system describes the orientation of the B site octahedra along the three lattice vector

(@, b, &) in the unit cell ¥, For instance, if the octahedra have the same tilts with
equal magnitudes about the three axes, the tilt system, will be given as ata*a™ in
Glazer’s notation %, where the superscript (+) and the parameter (a) refer to the
sense and direction of tilting respectively. The system parameters for the octahedra
with different angle magnitudes along either (010) or (001) axes can be described by
(b) and (c) respectively. For the octahedra with either no tilting or tilting in the
opposite sense, the parameters are superscripted by (0) and (-) respectively.
According to a group theoretical analysis of octahedral tilting in perovskites,
undertaken by Howard and Stokes, there are 15 possible structures derived from the
cubic aristotype by the simple tilting of rigid octahedra ®X. The common tilt systems
in perovskites are summarized in Table 1.2. The tilts result in a decrease in the
distances between octahedral centres (and hence pseudocubic subcell edges)
perpendicular to the tilt axis. The corresponding distance along the tilt axis is
unchanged by the tilt operation®®®. Denoting the angles of tilt about [100], [010] and
[001] by a, B and vy respectively (less than 15 °) the pseudocubic axial lengths are
given by a, = & cosf cosy; by =& cos a cos v; and ¢, = & cos a cos B 501 Where &
is the anion-anion distance through the centre of the octahedron. These equations
show that three unequal tilts produce three unequal pseudocubic spacings, two equal
tilts produce two equal spacings and one different and three equal tilts produce three
equal spacings.

The tilt angle is the bond angle of the oxygen atoms linked between two
adjacent octahedra. The magnitude of tilts is commonly estimated from the atomic
coordinates for the BOg octahedra. For instance, the tilt system in (Cmcm)
orthorhombic structural phase transition of CaTiO3 comprises out-of-phase tilting of

the oxygen octahedra around the b-axis and in-phase tilting around the c-axis. The

coordinates of the oxygen atoms can be written as O1 (i+u1, 0, 0),

8
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02 (0, %— vy, Wy ) and O3 (i+ Us, i— Vs, %) where u, v and w are small and the

tilt angles can be estimated using tan ¢ = 2(uz + w,) and tany = 2(u; + v,)®.

Octahedral tilting plays an important role in structural, electrical and magnetic
properties of perovskites. For example, Sr,CaixRuO; B! and Se;Te,CuO; %
exhibit changes in magnetism upon the increases in x. These changes are thought to
be driven by the changes in the (Ru-O-Ru) and (Cu-O-Cu) bond angles. It is well
established that both orbital and charge orderings are sensitive to the changes in

octahedral tilting ),

Table 1.2 Possible tilt systems in perovskite 5.

Type Tilt System | Space Group | Relative Pseudocubic subcell parameters
No Tilt a’a’aq® Pm3m ap= bp= cp
One Tilt a®a’ct | P4/mbm ap= bp< cp
a’a’c” 14/mem ap= bp< cp
Two Tilts | a®b*b* | [4/mmm ap< by= cp
a’btc Cmcm ap< bp# ¢p
a’h~c” C2/m ap< bp# cp, x# 90°
a’bh™b” Imma ap< bp= cp, x* 90°
Three Tilts | a*b*c* Immm ap# bp# cp
atata* Im3 ap= bp= ¢y
ata*c™ | P4,/nmc ap= bp#* ¢p
a*b~c” P2, /m ap# bp# cp £ 90°
a*b~b~ Pnma ap# bp= cp xx# 90°
a b c” P1 ap# bp# cp <# B # vy # 90°
a b™b~ C2/c ap# bp= cp x* B # vy # 90°
a“a"a” R3c ap= bp= cp x=f =y # 90°

The treatment of the perovskite materials at high temperatures and pressures
typically results in a decrease or an increase in the octahedral tilting, respectively.
For CaTiOgs this implies that the thermo expansion of unit cells leads to decreasing in

octahedral tilting which eventually increases the symmetry. The distribution in bond




Chapter 1: Introduction

angles B-O-B decreases as the bond distances B-O increases upon heating . For
different perovskite compositions, octahedral tilting decreases upon an increase in
the tolerance factor. For instance, in the alkaline earth double perovskites A;,MnMOg
where M =Ru, Sh, Nb and Ta, replacing Ca** (8 coordinate ionic radius, 1.12 A) !
with a larger cation such as Sr¥*(1.26 A) ¥ results in lowering the tilting from
(a~b*a~) for Ca,MnMOs to (a®b%c~) for Sr,MnMOg ™°. The increase in the
relative size of A site cations is consistent with a increase in tolerance factor

according to the Goldschmidt equation.
1.3.2.2 Octahedral Distortion

The octahedral site distortion results in splitting the six B-O bonds into
different lengths. It is commonly attributed to main cooperative factors; ionic size
effects, electronic and magnetic effects, including the Jahn-Teller effect (JT). In all
cases, a distortion in the ideal octahedral geometry is necessary to minimize energy
changes associated with octahedron rotation, strains and electronic degeneracy. The
energetic stabilization of perovskites becomes larger when the primary distortion
mechanism is elongation of two bonds (trans to each other), and contraction of the
remaining four. The mechanism of inverse distortion where four bonds are expanded
and two bonds are contracted results in lower energetic stabilization ®. In the
example given above for alkaline earth mixed metal perovskites A,MnMOsg, the
replacement of Ca with Sr results in increases in octahedral distortion. This increase
is thought to be driven, not only by the increase in tolerance factor (size effect), but
also by the impact of the lattice symmetry, local cation ordering and the JT ions
(I\/In3+) [55]

Octahedral distortion can be described by the degenerate vibration modes Q,
where Q is a vibration function of the displacements (I) originated from the split of
the bond distances, and n =1, 2, 3... 571 For instance, the octahedral distortions in
the ternary and ordered quaternary perovskites LaMnO3 and Sr,CuWQg are denoted
as Qz = [Ix—1y] and Q3 = [(le—lx—ly)/\/3 ] respectively. The vibration mode Q-
describes a distortion where two B-O bonds shorten and two B-O bonds lengthen,
whilst Qs describes a deformation with four bonds contract and two bonds expand[ss].
The quantitative measurement of the distortion magnitude is given as Ad in Equation

1.2, in which d; is the individual bond distance between the B site cations and the
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oxygen anions, and d,, is the average of these distances 551" The octahedral

distortion can also be measured by the deviation of the bond angle O-B-O from 90",
Ad =1/6Y(d; —dg)? /(dg,)? *i=1,2,..6. 1.2

Perovskites containing JT active ions on the octahedral site exhibit many
significant properties like metal-insulator transitions, magnetic and structural phase
changes, etc. depending on charge density, temperature and atomic structure. The
cooperative JT distortion plays also a crucial role in charge and orbital orderings.
The manganese perovskites Ln;.,AxMnO3 and the ordered copper oxide A,CuWOg
where Ln is trivalent rare earth cation, A is alkaline earth ions exhibit charge and

orbital orderings that can be attributed to cooperative JT distortion !,
1.3.2.3 Lattice Parameters Distortion

The distortion of lattice parameters from pseudocubic symmetry can be
quantified by Equation 1.3 where q; is the individual lattice parameters converted to
the length of the equivalent primitive unit cell and a,, is the average of the

converted lattice parameter °/.
D =1/3%i(a; — agp) /Aqp 13

The distortion of lattice metric from the cubic is commonly attributed to strain
effects on the structure. Strain in perovskites can be induced through several means
including octahedral tilting, octahedral distortions and disorder. The cooperative JT
distortion is expected to have the most significant effect on D. The lattice parameters
for the 3d metal perovskite LnMnO3 (D > 2.0 %) are more distorted than these for
LnFeOs (D < 2.0 %) due to the cooperative JT distortion ©°!.

The increase in lattice parameters distortion frequently influences both the
electrical and magnetic states in transition metal oxides. For example, the
degeneracy of the Co 3d level ions in LaCo1..TiO3 ®® decreases as the distortion in
lattice parameters decreases whilst in Ln;,,A,MnO; %, the observed increase in the
Curie temperature and decrease in colossal magnetic resistance effects are correlated

with an increase in lattice parameters distortion.

1.3.3 Structural Defects
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Perovskite oxides with different chemical compositions exhibit a wide range of
ordered and disordered structures %, These structures often contain point defects
induced by either internal effects such as nonstoichiometry or external effect
including temperature, pressure and nuclear irradiation. The defect formation,
structure and characteristics can play a crucial role in the optical, catalytic and
transport properties of the oxides "¢, The increase in oxygen non stoichiometry in
LnCoOs.s, for instance, is found to be consistent with a decrease in the activation
energy for CO oxidation °. This correlation implies that the activity is more
strongly related to the ease of oxygen removal rather than other factors such as
adsorbed states. The ordered double perovskites A,A"MOq.; where A and A" are
alkaline earth and M = Sh, Nb and Ta exhibit a transition from non-ionic conductor
to conductor as consequence of defect formation on the structure % 631,

Mechanisms of defect formation in nonstoichiometric crystals suggest lattices
may have either excess charge or excess ions situated in the structure. Defects can be
introduced in the perovskite structure by the substitution of similar sized cations with
different formal valencies on both the A and B sites [°* %!, Doping with either higher
or lower valence cations on the B site produces nonstoichiometric compounds of the
type ABy1B,Os:5 With oxygen ion vacancies or interstitials in the structure. The
substitution of the A site ions with higher valence cation results in A site vacancies
with stoichiometry AgxAx BOs, but doping with lower valence cations on the A site
generates oxygen vacancies or electron holes on the A(l-X)AX’Bog.g structure 1% 951
The reactions associated with the formation of structural defects are given in the
Equations 1.4-7 * where BX, 0%, A} are B site, oxygen and A site atoms; V3*, h®
are oxygen vacancy and electron hole; V," and My are A site cation vacancy and

divalent B site cation vacancy.

By + 05 © My +V3® +0,(g) 1.4
V3® +30,5(g) & 2h° + 03 15
A +05 <V, +V3*+ A0 1.6
05 © V3® +-0,(g) + 22 17
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Examples of oxygen deficient perovskites are (La, Sr),M;.xCrOg.s Where M =
V, Mn, Fe, Co, Ni, and Cu, and for A site cation deficient compounds are CugsTaO3
(271 and Lag4Sro4TiOs ). Excess oxygen anion nonstoichiometry can be found in
LaMnOs.s and EuTiO;.5 perovskites. This type of nonstoichiometry is less common
than the oxygen deficiency because the introduction of oxygen interstitial in the
structure is thermodynamically unfavourable.

The anion nonstoichiometry and defect concentrations are typically a function
of partial oxygen pressure and temperature. Equations 1.5 and 1.7 illustrate that
applying high oxygen pressures on the systems result in either an increase in the
concentration of the electron holes (positive charge carriers) or decrease in the
oxygen vacancy and free electron (negative charge carriers) contents. Consequently,
the p-type conductivity at high oxygen pressure P, is higher while n-type
conductivity is lower. An increase in the number of vacant sites facilities oxygen
transport through the crystals by increasing the concentration of potential carries. An
increase in temperature is expected to increase the kinetic mobility of the ions.
Therefore, more oxygen vacancies would be generated " ®&. Ordered anion
vacancies are believed to be partly responsible for some important solid state
phenomena, such as superconductivity, as well as unusual cation geometries . In
YBa,Cuz07, ordering of the cations, anions and oxygen vacancies results in an
orthorhombic structure that contains copper-oxygen square planes and square
pyramids. This arrangement is thought to be the source of its unusual electronic
behaviour, where the superconducting planes (CuO square pyramids) are separated

by insulating one dimensional chains (Cu-O planes) [,

1.3.4 Physical properties

The flexibility in the chemical structures and compositions enables perovskite
materials to exhibit various physical properties including ferroelectricity,
superconductivity, charge ordering and high thermopower. These properties are
impacted by the interplay of structural, spin dependent transport, magnetic and

transport properties.
1.3.4.1 Electrical Properties

As with other materials, the electrical behaviour of perovskites depends on the

outermost electrons, which may be localized on a specific atomic site or may be
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collective. Perovskite oxides are found to be ferroelectric, dielectric, metallic or even
superconductive, but most are semiconductors. The ferroelectric materials (FE) are
generally defined by the reversible spontaneous electrical polarization in absence of
any electrical field ™. The ferroelectricity usually appears at temperatures below the
Curie temperature (T.), the temperature where a transition from a non-polarized to
polarized state occurs in the system. In the ferroelectric phase, the off centre
displacement of the positive charges (cations) and the negative charges (oxygen
anions) in the crystal do not coincide. A number of ABO;3; perovskites exhibit
ferroelectric behaviour. BiTiO3, PbTiO; and PbZrO3; have been well studied and
reported as FE materials "2, The FE materials exhibit an electrical dipole moment in
absence of an external electrical field. In addition, plots of the electrical
displacement (P) against applied electrical field (E) show different hysteresis loops
that are not seen in dielectric materials (Figure 1.4). The electrical displacement of

dielectric compounds displays a linear relationship with the electrical field.
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Figure 1.4 Applied electrical field versus polarization values for a FE material. The
octahedra upper and down the hysteresis loop display the electrical displacement of

B site cation toward the electrical field.

Ferroelectric crystals are composed of small regions called domains within
which the polarisation is in same direction, but in adjacent domains the polarisation
is in a different direction. The ferroelectric behaviour of poly crystalline and thin

film materials differ from the single crystals due to the effects of grain boundary and
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the surface on the orientation of the domain polarization. Perovskite materials can
also be either pyroelectric or piezoelectric if the spontaneous polarization is
temperature or pressure dependent. The perovskite oxides PbZr;.TixOsare utilized in
pyroelectric and piezoelectric applications. Materials with dielectric behaviour are,
in fact, also polarized in an applied electrical field, but the displacements of the
cations and the shift of oxygen anions toward the electrical field are in opposite
directions to each other. This results in no impact on the property. The alkaline earth
titanates CaTiO3 and SrTiOs serve as examples of dielectric materials [ 7.

A distinguishing feature between metallic and insulator materials is the ability
of the electrical charges to flow corresponding to the electrical field. Insulators
completely resist the flow of electrical charges whereas the metallic compounds
respond to an electrical field. Perovskites with high dielectric constants such as
SrTios ™ and YBiO; ™ are considered insulators. The mixed metal perovskite
system LaMn;4RusO3 exhibits a metallic- insulator transition upon increasing X
whereas LaNiOz ™ and LaTiO3"® are metallic conductors. The superconductivity of
cuprates oxides containing mixed valence Cu?*/Cu®" is another interesting character
to the electrical properties of perovskites. Superconductivity exists in oxides such as
TI,Ba,Ca,Cu30g+5, YBa,CuzO75 and HgBa,Ca,Cu3Og.s at a critical temperature
higher than that found in conventional alloys ['").

Semiconductor behaviour is the most common electrical property of
perovskites ["®]. In semiconductor materials, the magnitude of electrical conductivity
is in-between those for conductor and insulator. The mechanism of semiconducting
is understood by two concepts: band gap and charge carrier. In such materials,
electrons can be exited from the valence band to the conduction band, only if have
sufficient energy to cross the band gap. The exited electrons in the conduction band
leave behind an unoccupied state, creating electron holes in the valence band. The
electrons in the two bands and the holes contribute to the electrical conductivity.
Doping with electron acceptors or donors creates respectively positive (holes) or
negative (electrons) charge carriers in the crystal structure and also generates higher
electrical conductivity " Based on that, semiconductors are classified to p and n-
type materials indicating the positive and negative charge carriers respectively. The
conductivity of semiconductor materials commonly follows the Arrhenius Equation
1.8 B where o, is the electrical conductivity at certain temperature and o, is the

conductivity coefficient factor. ¢, is the activation energy (eV), k is Boltzmann
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constant (8.617x10° eV. K™) and T is temperature (K). Examples of semiconductor
perovskite are LnRhO3 ¥ and LaySr,CrO; 2.

oy = 0,€ /kT 1.8

1.3.4.2 Magnetic Properties.

Contrary to classical studies, magnetism is a purely quantum mechanical
property. It is robust phenomenon that is yet not fully understood . Perovskites
have an enormous variety of intriguing electronic and magnetic properties. This
variety is related not only to the chemical flexibility, but also to properties of the
metal on the B site . Perovskite oxides with transition metals exhibit magnetic
properties that are mainly related to the quantum spin number (S) of the d orbital
electrons of the metal ions. Oxides containing transition metal ions with unfilled d
orbitals or only having paired electrons in the valence shell are diamagnetic (S = 0),
where compounds with metals that have unpaired of electrons are generally
paramagnetic.

The B-O-B angle of oxygen shared by two B site cations plays an important
role in magnetization. In the ideal cubic double perovskites A,BB Og Where the B-O-
B bond angle is 180°, the superexchange interactions between the nearest neighbour
B cations frequently results in antiparallel coupling of the spins. When the B*" ions
are in two sublattices (A;BB Og) other spin arrangements are possible. If the B
cations are diamagnetic, the B cations will align antiferromagnetically, and the most
important exchange mechanism is believed to be long range superexchange
interaction through two oxygens of the type B-O-B™-O-B ?]. The strength of the
superexchange interaction is weakened as the bond angle decreases "), When the B-
O-B bond angle is 90’, the superexchange via the overlap of metal d orbitals and two
different p oxygen anions orbitals can result in ferromagnetic coupling. For instance,
the A-site ordered perovskites CaCuzGe,O1, and CaCu3SnsO1, exhibit ferromagnetic
behaviour although CaCusTisO1, (isostructural oxide) is antiferromagnetic. That is
due to special alignments of the CuO, planes which influence the magnetic
properties of Cu spins . In the two first cases, direct exchange interactions give
rise to the ferromagnetism, whereas the involvement of Ti-3d orbital produces

antiferromagnetic superexchange interaction in the third oxide 4.,

1.3.4.3 Charge, Orbital and Spin Ordering
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The presence of mixed valent cations in perovskites may give rise to charge
ordering, where the cations with different charge are ordered on either the A-site or
B-site. When the charge ordering occurs below the transition temperature (Tco), the
electron hopping between the cations is suppressed and the electrical resistivity is
increased . Doped manganites perovskites have been extensively studied due to
charge ordering that results in different ground states and colossal magneto-
resistance > %!, For instance, doping with x = 0.5 in La;..CaMnOj results in charge
localization between Mn®*" and Mn** ions below Tco 1. A stripe model of charge
ordered perovskite La3tCaZtMndtMnit0, ¥ 8 js shown in Figure 1.5. Charge
orderings can also be observed in the undoped oxides Ba?*BiltBi3t0, [,
Ca®*FedtFe$t0, Pand Pr3+NiZENitt0, ¥4 where the instability of the oxidation
states of B site cations leads to charge disproportion and ordering of two stable

cations below the transition temperature.

$ oW P oW
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Figure 1.5 Charge and orbital ordering of Mn** and Mn** in
LadtCaZtMn3tMnit0,. The blue spheres are representative of the Mn** ions

where the red and blue dumb bell shapes are the Mn** jons (%2,

In transition metal perovskites ABOs, the transition metal forms a BOg
octahedra configuration, in which its d orbitals split into toq and ey orbital groups.
The tyq orbitals are lower in energy while the ey orbitals are higher in energy and
point directly toward the ligands. This gives rise to two possible configurations of
the d electron filling, the low spin (LS) and high spin (HS) states. In perovskite
materials mainly the high spin configuration is observed for 3d transition metals.
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When the tyy or ey orbitals are partially occupied, the elongation of the octahedra
occurs usually giving two long and four short BO bonds, which is known as a Jahn-
Teller (JT) distortion. The presence of JT active cations in perovskites can lead to the
so called cooperative JT distortions, and long range orbital ordering ). The manner
of the ordered orbitals may affect the magnetic ordering of a material, which is
described by the Goodenough-Kanamori rules 4. Magnetic properties are mainly
exhibited by materials containing transition metals or lanthanides, owing to their
partially filled d and f orbitals, respectively. When the moments in the material are
oriented randomly, it is known as a paramagnet, in which the alignment of the
moments can be achieved through the application of a magnetic field. Examples of
paramagnetic materials are SrirO; ! and LaRhO; . A spontaneous magnetic
ordering can be observed, however, when the interaction between unpaired electrons
lead to alignments of electron spins. If all the long B-O bonds are orientated in same
direction, the cooperative distortion along single axis results in a ferrodistortive
orbital ordering. This orbital ordering pattern is adopted by the ordered perovskites
Ba,CuWOs ! and Ba,CuTeOq. Antiferrodistortive orbital ordering is observed in
LaMnO3 1 where the orientation of the octahedral distortions is contracted in ac
plane 8. Orbital-ordering gives rise to the anisotropy of the electron-transfer
interaction. This favours or disfavours the double-exchange interaction or
superexchange interaction in an orbital direction-dependent manner and hence gives
a complex spin-orbital coupled state. Figure 1.6 shows different types of orbital

ordering occurring in manganese perovskites !,

322-r2 x2-y2
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Figure 1.6 Different types of orbital ordering in manganese perovskite oxides. The A
and C spin arrangements show two types of magnetic ordering in antiferromagnetic

materials where F spin arrangement illustrates the ferromagnetic ordering .

The spontaneous spin (magnetic) ordering can be observed in perovskite
oxides when the interaction between unpaired electrons leads to alignments of
electron spins. If the spins are oriented parallel to each other and giving overall
moments, the materials are ferromagnetic. Compounds containing multiple magnetic
ions with different magnitude moments and antiparallel alignments could also
exhibit ferromagnetic behaviour as the overall moments are not cancelled. For
instance, the cation-disordered perovskite La; 5SrosRhMnQOg is shown to be a soft
ferromagnetic with T, = 105 K and an ordered magnetic moment of 3.65 pg per Mn
(1001 |n the antiferromagnetic ordering, the spin moments on the neighbouring
cations are aligned antiparallel and the overall moments is cancelled. The spins in
such ordering can be aligned with several different arrangements. These are
classified in three types A, C and G illustrated in Figures 1.6 and 1.7 respectively.
The A- type antiferromagnetic ordering, for example, is observed in LaMnO3 where
the C and G types are adopted by systems such as, BiCoOs; "% and Lay.

«BixFeosMngs03 %% respectively.

Figure 1.7 G -type antiferromagnetic ordering in double perovskites %!,

1.3.4.4 Optical Properties

Compounds with the perovskite structure have been used as model systems for

spectroscopic studies in the infrared, visible, and ultraviolet regions "), Perovskite
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oxides are particularly interesting since the effect of magnetic ordering of the
transition metal ion in the B-site can be studied *). The optical properties of many
perovskites containing transition metal ions with an empty or partially filled d-
orbital, have been explored. For instance, for SrTiOz where the d orbitals of Ti** ion
are empty, the emission spectrum shows a band maximum around 50 nm with low
quenching temperature, 35 K and a small Stokes shift, 7000 cm™ ", Such results are
not seen for oxides with partial filled d orbitals such as SrCrOs;. The TiOg octahedra
in SrTiO; are favourable for energy band formation M. It is possible to sensitize an
SrTiO3 electrode for visible light by doping with other transition metals such as
Nb3+, cr® and Rh [105-107]_

1.3.4.5 Adsorption Properties

Gas adsorption on the perovskite surfaces has frequently been investigated
because of the importance of these compounds as catalysts ", The extent of gas
adsorption on LaBOj3 perovskites, where B is transition metal, at 298 K was found to
be dependent on the electron configuration of the transition metal cation. The CO,
adsorption on LaBOs reaches a maximum when B = Fe**, whereas NO(, adsorption
shows maximum for Co** and Mn** #]. The NO adsorption over the wide range of
temperature 273-673 K is independent of the temperature on substrates such as
LaFeO; and LaNiO3 .. A thermodynamic study on gases adsorption on LaCrOs;
demonstrated that NO has higher adsorption enthalpy and lower adsorption entropy
than CO. It is stated that gases could be adsorbed on different sites of the perovskite
surface 1. O, adsorption on doped perovskites such as Lay.xSrCoO; display two
adsorption peaks (a and f). These peaks are attributed to adsorbed oxygen at low
temperature and lattice oxygen at high temperature respectively 1. The amount of
O, adsorption and the intensity of a type adsorption peak are related to
nonstoichiometry and structural defects, where the decrease in a type adsorption
temperature is consistent with the increasing number of d electrons of the transition

metal. The 3 type adsorption peaks is associated with B site cations 7).
1.3.5 Applications

Perovskite oxides are used in many electrical, magnetic and optical devices.
For instance, BaTiO3z is used in multi-layer capacitors, BaZrOz; in dielectric

resonators, GdFeOz in magnetic bubble memory and YAIO; as a laser host ™.
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Manganese perovskites are widely utilized in ferromagnetic materials and
photochemical catalysts ™. Lead zirconate titanates and lanthanum lead zirconate
titanate oxides are employed in piezoelectric transducers and electro optical
modulators %, Semiconducting Pt and Sr doped LaNiO3 perovskites are effective
electro-catalysts for the oxygen generation reactions in strong basic solutions 71,
Some perovskites display good performance as cathodes in high temperature solid
oxide fuel cells (SOFCs). For example, the electronic conducting perovskites Laj.
.SryMnO3 have been extensively used as cathodes in ZrO, based SOFCs ™. Oxide
ionic conductors such as Sr and Mg doped LaGaOs; are important electrolyte
materials with high oxide ion conduction over wide range of oxygen pressure for
CeO, based SOFCs ™. Sr doped LaCr;.,MO3 oxides, where M = Mn, Fe, Co, Ni, are
also used as anodes for SOFCs ™. Perovskites are also useful materials in gas
sensors. Oxygen, humidity and alcohol gas sensors can be built from SrTiOs,
BaSnO;, and GdCoO3 M.

1.4 Literature Review

This section gives a very brief overview of the topics related to the materials
studied. It describes the literature relevant to A site and B site doped LnRh;CuxO3
and AA"(BB")Oss perovskites. It reviews experimental results, discussion and

conclusions for a number of papers related to these oxides.

1.4.1 Studies on the structural, electrical and magnetic properties of the A site
and B site doped LnyyA,Rh; ,Cu,B,O3 (Ln = La*", Tb*; A= Ca®*, Sr**, Pb®" and
Bi**; B = S¢** and Zn%)

Perovskite oxides containing transition metals with a high oxidation state have
been extensively investigated, since the number of d-electrons is critical in

g [96. 1081 por

determining the electronic and magnetic properties of such system
example, Cu is generally found as Cu®* in most perovskites although in oxides
prepared under strongly oxidising conditions Cu** can be realized. The structural
studies of LaCuOs; illustrated that the copper trivalent state can be stabilized in six
fold coordination and revealed both Cu** and Cu®* can coexist within a remarkable
wide range of the oxygen stoichiometry. The correlation between the covalency of
the metal oxygen bond and the copper valance state increased with the increase in

the oxidation value. The trivalent copper state can adopt different electronic
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configurations 1% % The importance of controlling the oxidation state is clearly
evident in both the cuprate superconductors and manganate CMR materials [ 112,
An interesting question, and one we have been addressing, is what happens when
two or more transition metals, that are capable of existing in different oxidation
states, are incorporated on the B-site in perovskites oxides? Electron delocalization
between these is likely to have a significant impact on properties of such oxides. For
instance, the Curie temperature of the ruthenates SrRu;4CrcOs, increases with x as
consequence of a double exchange interaction involving Cr®* and Cr** I3l This
behaviour is contrary to that seen for all other the 3d transition metal substituted
compounds such as SrRu.xMn,O5 where doping reduces the Curie temperature 4
115].

The variation of the A site doping may also have enormous impact on the
oxides properties. The substitution of Ca on the A site in ARu;CrO3 results in
robust ferromagnetic behaviour and two transition steps are now seen in the Sr doped
oxide due to the spin-orbital coupling %1, The alkaline earth oxide A;FeMoOg
serves as another example where the effects of both the A-site cation character and
the charge delocalization between the B-site cations results in unpredictable
ferromagnetic behaviours 7. The percentage of the A and B site compositions is
considered to be important as well. The studies on SrRu;Cr,Os3 illustrated that the
magnetic behaviours of the oxides are depended on x content. In Laj;.xPbsFeOs,
where the oxidation state of Fe®* ion is fixed, the decrease in the electrical resistivity
is not linearly related with Pb content. A decline in the resistance is obtained up to x
> 0.2 due to a point defect of doped Pb?* ions, which increases the mobility of the
charge carriers on the La®*" site. In contrast, the resistivity increases of the range 0.2
< x < 0.32 as a result of an increase in the oxygen vacancies of La site, which leads
to an electronic neutralization of some holes in the materials. Above x = 0.32, the
resistance declines against an increase in the free electrons concentration of the
oxygen vacancies ™8, It is worth recalling that when x = 1 the majority of Pb doped
perovskites exhibit a stronger ferroelectric stability than other doped earth alkali
materials 1],

Various systems of the type Ln;.,AjRh1,BxO3 (Ln = lanthanoid ions, A = alkali
or alkali earth ions, and B = transition metal ions) have been reported % 21 The
desirable physical properties of these compounds make them attractive for use in
catalysis or as magnetic sensors ?# 123l The compounds are typically stable to high
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temperature and can exhibit interesting magnetic and crystallographic properties 2*
1251 "1t has been established that complex magnetic interactions can occur in systems
with the mixed valences ™ 61, The Rh ions, which favour the low spin state, can
exist as a mixture of Rh** and Rh** creating disordered structures with unpredictable
charge distributions & 2% 1t is well known that 4d electrons have a large spatial
extent; then, a very strong spin-orbit coupling, small coulomb interaction between d
electrons, and a large ligand-field effect, that results in a low spin state, are expected
(1271 Generally, the magnetic and structural properties are sensitive to the ionic radii
of the A site and B site cations. Therefore, the size limitation, doping concentration
and mechanical strains will influence the electrical and magnetic properties 12 121,
Perovskite-type Rh oxides seem interesting; however, there are a few of systematic
studies on these oxides [°®). This likely because the trivalent rhodium ion with six 4d
electrons is expected to have no appreciable magnetic moment of in the low spin
state. Hence, it seems important to investigate the magnetic and electrical properties
of these materials.

The family of the lanthanoid rhodium oxides is found to be isostructural with
GdFeO; B %1% and has an orthorhombic structure with space group Pbnm. Recall
that perovskites having sufficiently small A-site ions (a small tolerance factor) often
allow for a distorted perovskite structure that has a rotated framework of oxygen
octahedra and displaced A site ions “°. This lowers the space group symmetry from
cubic Pm3m to orthorhombic Pbnm, and the number of ABO; formula units per
primitive cell increases from Z = 1 to Z = 4 %, The rotations of the octahedra in the
Pbnm space group can be decomposed into two steps °%. The first step is the rotation
around the [110] direction of the original cubic frame (the cubic frame is rotated by
45’ around the ¢ axis with respect to the Pbnm frame). The second step is a rotation
around [001] direction. The rotations minimize distortions of the octahedra. The
pattern of neighboring octahedral rotations is denoted by a~a~c™ in Glazer notation
[0 These rotations also allow for the displacement of A-site ions in the x-y plane
without further lowering of the space-group symmetry. It is well know that a tilt-
distorted ABO3 perovskite can be empirically expressed as a decoupled combination
of changes of the B-O bond length and the tilting angle of BOg octahedral
framework™™. The crystal structure of LnRhOs is in contrast with the BiRhO3 oxide,

which generally forms pyrochlore structures at atmospheric pressure *2. The

23



Chapter 1: Introduction

perovskite-type structure is favored for BiRhO3 by high pressure, since it consists of
close-packed BiOs layers having Rh®" cations occupying all the octahedral sites,
which share common corners because of cubic stacking of the BiOs layers 32,

The distortion in the lanthanoid compounds is mainly attributed to size effects
81,1301 ‘bt charge delocalization and other effects can also be important 333 The
structure of the oxides can distort by modifying the chemical compositions. For
instance, the orthorhombicity of the alkaline earth oxide La;«A«RhO3 at x = 0.05,
decreases from 1.530x107 for undoped LaRhO3 to 1.529, 1.375 and 1.282x107 for
Ca, Sr and Ba doped ions respectively as consequence of the ionic size effect. The
unitless orthorhombicity is given as (b — a)/a where a and b are lattice parameters
%] The increases in the A content from 0.05 to 0.1 leads to a decline in the
orthorhombicity at 1.484 and 1.291x10? for Ca and Sr respectively. The
orthorhombicity decreases as both the relative size and the ionic content of the doped
cations increases ). Consequently, phase transitions are expected to occur at high
doping concentrations. The doped oxide La;.xSrsRhO3, for example, exhibits a phase
transition from orthorhombic to tetragonal at x = 0.4. Doping with Mn*" in
LaMnogRho 103 results in  orthorhombic-pseudocubic- rhombohedral phase
transitions at high temperature .

The Lny.,AyRh;«B,O3 oxides are either n or p type semiconductors with a band
gap around 2.2 eV 2% For instance, the substitution of La®" with divalent cations
acts as hole-doping ™ * and results in lower resistivity and thermopower for the
perovskites. The paramagnetic oxide La;,SryRhO3z exhibits transitions from
semiconducting to metallic at x > 0.3 as consequence of the hole mobility effect on
the structure 2 1. Doping with the transition metals ions Mn?*, Cu?" and Ni** on

e 125 138 The electrical

the B-site introduces holes in the electronic structur
conductivity of the ferromagnetic perovskite LaRh;«Mn,O3; increases with x
indicating the materials are p type semiconductors Y. The undoped oxide LuRhOs
serves, also, an example for p type semiconductor behavior, but it may be doped n-
type by the introduction of Th*" during the synthesis ™?). The Fermi level of
LURhOgs is pinned to that of the electrolyte, in photocatalytic cells, and the potential
is independent of whether the oxide is a p or n-type semiconductor 2%, Unlike the
3d Co perovskites, doped LnRhOj3 oxides have large values of thermo-power at high
temperatures [**1. The region of the valence band in the proximity of Fermi level is

believed to be dominated by Rh-derived states *®. In CuRhgsMgo10,, the Rh states
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are located in the proximity of forbidden band level suggesting the importance of the
electronic structure of the Rh ions for the large thermoelectric power at high
temperature 3¢,

The 3d-4d mixed metal oxide LaRhsCugsO3 has been prepared and is
reported to have an orthorhombic perovskite structure in space group Pbnm, where
the Rh and Cu are disordered at the octahedral site with Ad = 1.1x10™ The
substitution of the Jahn-Teller active Cu®* ion increases the distortion of the BOg
octahedra, but the effect was less than what expected for 50 % Cu®* content. X-ray
spectroscopy showed Rh in LaCugsRhy 503 to have a valence state of around +3.5 as
a consequence of charge delocalisation between the Cu and Rh cations. This
delocalisation increases the formal valency of the Cu to close to 2.5, which reduces
the impact of the Jahn-Teller distortion. Furthermore, LaRhsCuys03 exhibits
semiconducting and paramagnetic behavior in the temperature range 4-300 K33 1371

The partial substitution of the A site is expected to influence the extent of
electron delocalization between the two transition metals on the B site that have been
described as Rh*** and Cu*?®, leading to changes in the physical properties. These
changes could be influenced, not only by the differences in the effective charges, but
also by the differences in the ionic radii and the electron configurations of both the A
and B-site cations. The Pb?* and Bi** doped oxides are found to exhibit electrical and
magnetic behavior different to that of the alkaline earth doped oxides. That is
believed to be a consequence of the sterochemical influence of the 6s? lone pair
electrons [11% %8 1% 'O the other hand, both the effective charges of the (4s° 3d°)
Sc® and (4s° 3d'®) zn* ions and the strong overlap of the unfilled and filled 3d
orbitals with sp? oxygen orbital ™ are also expected to effect the formal valency of
Rh ions leading to changes in the magnetic and electronic properties of the
perovskites.

This study focuses on the influence of the A and B site doping on LnRh;.
«CUxO3 oxides characteristics. The series was targeted due to the lack of research on
Rh-Cu perovskite oxides, which exhibited interesting structural, electrical and
magnetic behavior upon the changes in composition. Doping with different valent
cations, either on A or B site influences the charge delocalization of the system. The
doped cations have been selected based on their effective charge, ionic size and
electron configuration. The impact of the replacing of La** with Tb*" has been
addressed to establish the role of the A-site cation in controlling the structure and
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valence distribution of the cations. The rare earth oxide TbRhOj3 exhibits physical
properties similar to those for LaRhO3 oxide, but the latter oxide has much lower
magnetic susceptibility and conductivity due to the absence of the 4f orbital

electrons®®.,

1.4.2 Influence of water on the structure of anion deficient perovskites AA*(B
B*)Oss (A, A* and B = Sr?* or Ba®*, B*= Nb*" or Ta™")

A major barrier to the wide-scale utilization of solid oxide fuel cells (SOFCs)
is the development of an anode material that has low electrode over-potentials and
ohmic losses at relatively low temperatures and that will operate with a range of
fuels, and in particular natural gas ™™ ***1. Several mixed oxides with the perovskite
structure are candidates for use as SOFC components 4% depending on the type of
conductivity exhibited: purely ionic conduction for electrolytes, electronic for
interconnect materials, and mixed ionic-electronic conduction for electrodes. Anion
deficient perovskite-type oxides of the type ABOs_s are currently amongst the most
promising materials for such applications, and considerable effort is being directed to
the study of such oxides **). Recent work in this area has included studies of a
number of oxygen deficient double perovskites of the type A,BB’Oss.5 were two
different cation exhibit a rock-salt like ordering in the octahedral lattice ™44, In
addition to oxide ion conductivity the same anion deficient perovskites can exhibit
proton conductivity at lower temperatures under wet atmospheres as a consequence
of their ability to incorporate water 1** 31, Sr, cNb, 5Og.5 is reported to become a

s [146]

proton conductor after absorbing water at moderate temperature . Anion

deficient double perovskites also show promise as photo catalysts for water
splitting™*".

Niobium and tantalum both form a series of double perovskites that can
described by the general formula Sre.»B2+2011+3x (B = Nb°*, Ta>*) that simplifies to
Sr3BOss when x = 0. These oxides are structurally related to the rare mineral cryolite
NazAlFgs in which the Na* cation occupies both the A and half the B-sites of the
perovskite 8!, Stoichiometric analogues such as SrsReOs are also known M. Levin
and co-workers have demonstrated that SrsNb,Og, the x = 1/3 member of the series
Sre-2xNb242xO1143x €Xhibits a cryolite like structure with Sr and Nb ordering on the
perovskite B-sites %, These workers concluded that the materials exhibit a

complicated local structure with disorder of both the anion and perovskite A-type Sr

26



Chapter 1: Introduction

cations. They also noted that the precise composition of SrsNb,Og was sensitive to
annealing conditions suggesting that there may be anion and/or A-site vacancies *°%,
Li and Hong explored this suggestion and these authors established both that the
oxygen anions partially occupy interstitial sites in the perovskite, and that the
distribution of the anions was dependent on the precise stoichiometry 1.

Many studies on the electronic structures of alkaline earth antimonite, niobates
and tantalates oxides with general formula A(B"B)O; have been done % ¢, These
are in face-centred cubic symmetry with space group Fm3m. The highly polarizing
cations Sr** and Ba** can occupy the octahedral site obtaining a rocked salt ordering
in the structure **. The ordered-cation distribution is mainly attributed to both the
ionic size and the bonding character of the B-site cations ¥, The double perovskites
have also a large concentration of oxygen vacancies in their cubic structures. For
instance, the earth alkali oxides BagNb,O1; and Srsg;Taz 0301112 contain a large
concentration of oxygen vacancies > °2_ It is assumed that the vacancies promote
proton defects in the crystals following to the reaction illustrated in Equation 1.9,
resulting in a high ionic conductivity ©?. The total oxygen ion conductivity and
proton conductivity is very sensitive to atmosphere conditions *21. The conductivity
is significantly impacted by changes to the oxygen superlattice structure due to the
differences in coordination tendencies of A and B cations °?. The perovskites related
oxides, under saturated atmospheric water vapour, possibly uptake maximum one
mole water per formula unit, exhibiting high-temperature proton transportation >3,
These properties are favourable for many applications in the industry such as,

photovoltaic cells and solid oxide fuel cells 34155,

H,0 + V, +0g <> 2(OH ) 1.9

The main features of the interaction of water with niobates and tantalates
perovskites are: (1) the interaction process functionally depends on the temperature
and water vapour activity; and (2) the initial matrix structure of the oxides totally
sustains ordering at low contents of the water uptake ™. The increase in water
uptake of the oxides associated with both lowering in the cell symmetry and forming
of new hydrated phases in the crystal structure ™. There are different methods for
creating oxygen vacancies in the oxides structure such as, acceptor doping, a
stoichiometry shift and structural disorder in the oxygen sub lattice [ 4. The

importance of creating oxygen vacancies is to develop characteristics of the
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materials that may be used in devices such as solid oxide fuel cells % The influence
of the dry and wet atmosphere environments on the electronic structure of such
materials has been particularly undertaken in major studies. The total conductivity of
the oxides was found to be a functional of the vapour pressure and temperature. In
the SrgTa,Og oxide, the conductivity in wet environment is higher than in the dry
environment, indicating the contribution of the ion conductivity %2

The defect ordered oxides SrsMOs 5.5, Sr.CaMOs 5.5 and Sr,BaMOs 5.5 where M
= Sb®, Nb®" or Ta>" are isostructral with (NH,)sFeFs and have also an ideal cubic
double perovskite structure with space group Fm3m 6181 They exhibit a large
amount of diffuse scattering in their neutron powder diffraction patterns ™°!. This
diffuse scattering associated with absence of long range ordering for both the

octahedral tilting and vacancies on the structure % %8

. Increasing the lattice
parameter (a) influences the physical properties of the compounds, resulting in high
conductivity at high temperatures **®. For instance, the electrical conductivity for
Sr3NbOsss (a = 8.271 A), Sr,CaTaOs5.5 ( 8.232 A) and Sr,CaNbOss5 (8.172 A)
increases in order consistently with the increase in the lattice parameter, a, at
temperatures above 650 °C %, The increase in lattice parameter is thought to result
in more open structure which implies higher ion mobility due to lower energy path
for ion immigration, and thus the conductivity increases ™. Doping on the A site
can change the structural properties of the perovskites. For example, Rietveld
refinement of the powder X-ray diffraction data for A,MnB’O¢ (A = Ca, Sr; B = Sb,
Ta) indicated significant ordering of Mn and Sb at the B-site in Sr,MnShOg while all
other phases showed mostly a random distribution of the B-site cations **. Doping
with rare earth ions as La®" in Sr,LaSbOg results in a distorted structure and lower
symmetry €0,

In this work attempts were made to prepare compounds with AA"(BB")Oss
structures using two general methods. The methods were both solid state reactions
but used different slurry media, namely acetone and ionized water. The purpose of
the solvents is to enhance the homogeneity of the mixtures, and to create dry and wet
media for the reaction. Four oxides have been successfully obtained and structurally
characterized. The morphology and the microstructure of the oxides are found to be
dependent on the synthetic methods. The oxides form a cation ordered double

perovskite structure (space group Fm3m) where both the A cations and oxygen
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anions are disordered into the two sites. The identifications of anion disorder and
water structure demonstrate the possibility of oxygen and proton conductance for the

materials.
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Experimental

In this chapter, the details of the sample preparation techniques and
experimental instrumentation used during the research are described and discussed.
A brief introduction to different methodology and characterization techniques is also

presented.
2.1 Chemical Synthesis

The synthesis of a material is the first and foremost essential step during the
experiment research in chemical crystallography. The quality of samples depends to
a great extent on the preparation method used. Furthermore, the proper selection of
synthesis parameters aids optimizing the desirable properties of the samples.
Chemical structure, surface morphology, grain growth, electron transport and
magnetic properties are all dependent on the synthesis methods. There are various
methods available for the synthesis of polycrystalline perovskite materials like the
Solid State Reaction (SSR) route, Liquid Solutions Reaction (LSR) route and Gas
Phase Reaction (GPR) route.

2.1.1 Solid State Reaction (SSR)

The solid state reaction can be done by the calcination of homogenous
mixtures in the solid state. The reactants which are typically mixtures of metal
oxides, carbonates or nitrites, are subjected to repeated grinding and sintering at high
temperatures, to complete the reaction, and to obtain a pure phase 1. There are two
factors which considered to be important in solid state reaction: thermodynamic and
kinetic 2. The former predicts the possibility that any chemical reaction may occur
where the later determines the rate at which the reaction occurs 4. Therefore,
during synthesis, the parameters such as temperature, pressure, gas flow and time for
the reaction must be varied according to the targeted phase requirements. One
disadvantage of the method is that the samples are obtained as powders often with
irregular grain sizes and shapes. In addition, intermediate regrinding after each
heating stage is needed due to the low surface of the reaction. Consequently, the
solid state method often requires long times (sometimes several days) for preparing a

pure sample 11,
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2.1.2 Liquid Solution Reaction (LSR)

Due to the disadvantages of low surface area and limited control of micro
structure in the high temperature process, techniques such as sol-gel preparations
and co-precipitation of metal ions are utilized ™. These improve the homogeneity
plus the reactivity ©!. According to the method of solvent removal, liquid solutions
reactions are classified to two types. The first technique is the precipitation with
filtration or centrifugation etc... The second is the thermal processing which is based
on evaporation, combustion and calcination. In both techniques, the starting
materials must be dissolved in a volatile, generally, organic solvent. These methods
are applicable for the low temperature reactions where the solubility in the solutions
is high and the toxicity of the solvents is very low ®°!. The wet chemical preparation
method is utilized to produce samples in both film and powder forms. The general

procedure for liquid- phase synthesis method is shown in Figure 2.1.

Starting materials
(Mzal oxide, meta] Afbooride, metl crgamic composnd)

&b

Solvent Precipitating agant
(Waser . Crgasic ooe) 321 formation 1gem
l Complex formation agem
L _ i J Pracursor
[ sclution ) > {precipiat, gel ok
e ____.-"' T
H
Unique rzaction condition . ( Final Oxids ;u
(Hydrothermal, Sopercritical, exc) e _ —

Figure 2.1 General procedure for liquid- phase synthesis method [".

2.1.3 Gas Phase Reaction (GPR)

This reaction is generated by many physical techniques, such as laser ablation,
molecular beam epitaxy, dc sputtering, magnetron sputtering and electron beam
evaporation etc... It allows perovskite films with specific thickness and compositions
to be obtained. In addition, it can be a good method for the preparation of metal
catalysts; it can reduce the combined problems in perovskite synthesis in liquid

solutions. However, the technique is comparatively expensive, because of the high
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cost of the instruments which generate the atoms in the gas phase. Generally this is
limited to the growth of thin films ™.

GPR techniques are divided to two categories based on the targeted materials.
The first type uses separate targets where the different speed of deposition for each
element has to be determined. For instances, thin films of YBa,Cu30; can be made
by co-evaporation of Y, Cu, and BaF,, and subsequent annealing in a wet oxygen
atmosphere 1. The second category uses a performed perovskite material as target
and its stoichiometry phase is transported to the substrate by sputtering or ablation
techniques. Thin films of lead zirconate titanates can be deposited by radio
frequency magnetron sputtering of a multi element metal target . Gas phase
depositions use a low substrate temperature followed by a post annealing at elevated
temperatures, deposition at an intermediate temperature around (600- 800 C )
followed by a post annealing treatment, and deposition at crystallization temperature

at a controlled atmosphere ™.
2.1.4 Experimental Routes

To prepare the samples studied in this thesis the conventional solid state
synthesis was utilized. This method is a relatively simple and low cost procedure and
often produces samples with the appropriate physical properties. The details of the
method and the different conditions of the sample preparation are described below.
The perovskite type oxides are typically prepared from stoichiometric amounts of the
required elements in their oxide or carbonate forms. The high-purity starting
materials are ground using, a mortar and pestle, until a homogeneous mixture is
obtained. The powders are heated in an alumina crucible within a commercial
furnace usually between 800 and 1100 °C. After a certain period of heating, the
products are quenched from high temperature in order to ensure homogeneity. The
progress of each reaction is monitored with laboratory X-ray powder diffractometer
(XRD) after each firing stage. Several intermediate regrinds are applied in the
synthesis to ensure the homogeneity of the required material and the completeness of

reaction. The repetition is halted when a single phase product is confirmed by XRD.
2.1.4.1 Synthesis of the Mixed Metal Oxides Ln;yAyRh1.oxCuxBxO3

Commercially available materials, La,O3 Bi,O3, PbO, CaCOg3, SrCO3 and
CuO (Aldrich > 99.9%), Rh (Althaca 99.95%), Sc,03 (Althaca 99.99%), ZnO

41



Chapter 2: Experimental

(Merck, > 99%) and Tb(NO3)3.5H,0O were utilized in the synthesis. Except for the
LaRh;.2xCuxO3 series which was prepared in an atmosphere of pure oxygen within a
furnace (Tetlow tube furnace, Figure 2.2), all the rhodium copper perovskite oxides
were synthesized in the air by standard solid state methods using muffle furnaces
(Tetlow laboratory furnace). The raw materials, according to the targeted
compositions listed in Table 2.1, were mixed with appropriate stoichiometric
amounts, using a mortar and pestle, and then heated in several steps with intermittent
regrinding. Samples were initially heated for 24 h at 850 "C followed by reheating at
950 °C for 24 h, and then 1000 °C for 48 h and 1050 ‘C for 48 h. The samples were
finally annealed at 1100 °C for 48 h, at which time the X-ray diffraction pattern no
longer change. Small increases in heating conditions, rather than prolonged heating
at high temperatures, were used due to the high cost of the Rh. In some cases, the
temperature was increased to 1250 ‘C to obtain higher quality samples such as
LaRhOs, whereas in others the higher temperature limited at 1050 ‘C such as
Lag 75Bio2sRh1.xCuxO3. As appropriate the final annealing conditions for the
individual members of each series were identical. In general, in the chemical
synthesis, standard conditions of temperature and pressure are required to minimize
the derivations on the means of the oxides properties. The samples containing Pb and
Bi were pressed into pellets to avoid the volatilization of elements during heating by
enhancing intimate content of reactants and minimizing contact with crucible. All the
prepared samples had black colour at the final heating stage. Intermediate changes to
the colours also were observed at the range 850-1000 °C for Th and La doped Zn
oxides. These colours are golden and reddish brown for Tb oxides at 850 and 1000
"C. The colour of La doped Zn oxides developed in the range 850-1000 ‘C.

Figure 2.2 A photograph of a Tetlow Tube Furnace.
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Table 2.1 Chemical formulas and mixtures for the prepared rhodate oxides.

Chemical Formula

Mixture

Temperature of Annealing

LaRh;,Cu,O; (X < 0.5)

La,03, Rh, CuO

1100 °C, 1250 °C (x = 0)

Lal_XPbehO.SCUOAg,Og ( X< 03)
Lal_XBith0_5CU0.503 ( X< 03)

Lago:;, Rh, Cu0, Bi203

LaRh;.»,Cu,Zn,O3 (x < 0.25) La,O3, Rh, CuO, ZnO 1100°C
LaRh; »,Cu,Sc,0; (X < 0.25) La,03, R, CuO, Sc,04 1100°C
Lag 75Ca025RN1«CU,O5 (x = 0.3) | La:0s, Rh, CuO, CaCO; 1100 °C
Lag 75Sro25RN1.«CU,O5 (x = 0.3) | L&:0s, Rh, CuO, SrCO;4 1100 °C
Lag 75Pbg 2sRh1CuO3 (x = 0.3) | La:0s, Rh, CuO, PbO 1100°C
Lag 75Big.2sRh1,CuO3 (x = 0.3) | La:0s, Rh, CuO, Bi,03 1050 °C

La,03, Rh, CuO, PbO 1100 °C

1050 °C, 1100 °C (x = 0.3)

Tthl-Zxcu2xo3 ( X< 02)
ThRhy.»CU,ZN,05 ( X < 0.2)

TBRh;.2,Cu,Sc,03 ( X < 0.2)

Th(NO3)s.5H,0, Rh, CuO
Tb(NO3)35H20, Rh, CuO, ZnO

Tb(NO3)35H20, Rh, CuO, Sc,04

1100°C

1100°C

1100°C

Tho 75Cap.25RN; xCuO3 (X = 0.3)
Ty 75Sr0.25RN; xCu,O3 (x = 0.3)
Thg 75Pbg 25RN;Cu,O3 (x = 0.3)
Tbo.75Big 2sRh; xCU,O3 (X = 0.3)

Th(NO5)3.5H,0,Rh,Cu0O,CaCOs5
Tb(NOs)3.5H,0, Rh, CuO, SrCO;
Tb(NOs)3.5H,0,Rh,Cu0, PbO

Tb(NO3)35H20, Rh, CuO, BizOg

1100 °C

1100°C

1100 °C

1100°C

Tbl_beXRhO.GCUOAO:g ( X< 03)

Th(NOs).5H,0, Rh, CuO, PbO

1100 °C, 1250 °C (x = 0.3)

2.1.4.2 Synthesis of the anion deficient perovskites AA'BB Os s

Attempts were made to prepare compounds with a AA BB Os s structure using

two general methods. Only four oxides have been successfully obtained as single
phases. These are SrsNbOss, BaSr,NbOss, Ba,SrNbOss BaSr,TaOss. The methods
were both solid state reactions but used different slurry medium, namely acetone and

ionized water. The purpose of the solvents is to enhance the homogeneity of the

mixtures, and to create dry and wet media for the reaction. The preparation of

samples involved different stoichiometric compositions of Nb,Os or Ta,Os (Aldrich,
99.99%) added to SrCO3 or BaCO3 (Aithaca, 99.98-99.99%). Initially, the mixtures

were ground with the solvent and preheated at 850 ‘C for 12 h, and then reground

and heated at 1100 'C for 48 h.

43



Chapter 2: Experimental

2.2 Characterization

In order to characterize the polycrystalline materials, techniques such as X-ray
diffraction (XRD), synchrotron X-ray diffraction (SXRD), neutron diffraction (ND)
and scanning electron microscopy (SEM) and thermo gravimetric analysis (TGA) are
employed. The electrical and magnetic measurements were carried out using a
Physical Properties Measurement System (PPMS). The following section gives a
brief explanation about various characterization techniques and the Rietveld analysis
of the diffraction data.

2.2.1 X-ray Powder Diffraction (XRD)

X-ray analysis is powerful non-destructive method for determining a range of
physical and chemical characteristics of solid materials. The technique is widely
utilized in many scientific, medical and industrial applications. In crystallography,
X-ray powder diffraction is used to determine the type and quantities of phases
present in the sample, the crystallographic unit cell and crystal structure,
crystallographic texture, crystalline size, macro-stress and microstrain. X-ray
diffraction results from the interaction between X-rays and the electrons of the
targeted atoms. According to the atomic arrangement, interference between the
scattered rays becomes constructive when the path difference between two diffracted
rays differs by an integral number of wavelengths. This selective condition is
described by the Bragg Equation 2.1; the wavelength of the incident beam has to be
with same order of the magnitude of the lattice plane separations (see Figure 2.3).
Solving Bragg's Equation gives the d-spacing between the crystal lattice planes of
atoms that produce the constructive interference. The collection of reflections of the
lattice planes is utilized to identify unknown structures. Crystals with high symmetry
have relatively few atomic planes, whereas crystals with low symmetry tend to have
a large number of possible atomic planes in their structures. X-rays have
wavelengths of the order of 1 A, the same as typical interatomic distances in
crystalline solids. Therefore, the rays can interact with atoms and can vyield

information on the atomic arrangement 1011121

nNA=2dsin0 2.1

n is order of reflection (integer value), A is wave length of X-ray, d is inter planar

distance, and 0 is the angle between incident and reflected beam.
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Figure 2.3 Bragg's Law reflection. The diffracted X-rays exhibit constructive
interference when the distance between paths ABC and A'B'C' differs by an integer

number of wavelengths (1) 131

Table 2.2 Selected crystal structure, unit cell shape, formula and unit cell volume 24!,

Crystal Structure Unit Cell Shape d- spacing (1/d?) Cell Volume
azb#c 1/sin? h2/a?) + (sin?
Monoclinic - ! (ﬂz [g )+ (I (h) abc sin(p)
o=p=90% y k/b?) + (I°/¢?)- (2hlcos(p) /ac)]
a=b=c
Cubic (h*+k*+1%)/a’ a’
oa=p=y =90°
a=b#c
Tetragonal (h*+k?)/a%+ (14/c?) a’c
a=B=y
a¥b=+c
Orthorhombic (h*a%)+(K*/b?)+ (1°/c?) Abc
a=p=y
a=bh#c
Hexagonal A13(W*+hk+k*)/a+(1%/c?) (V3a%c)/2
a=f=90° y=120°

Crystalline materials are described by their unit cells which are the smallest
units reflecting the structure. The unit cell is repeated in all directions, resulting in
planes of atoms at certain intervals. The d-spacing of set of planes as the
perpendicular distance between any pair of adjacent planes is correlated with unit

cell parameters shown in Table 2.2. The essential features of X-ray diffractometer
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are shown in Figure 2.4. X-ray from the tube is incident on a sample which is placed
on a sample holder. The diffracted X-ray passes through a filter to the detector. The
sample is positioned so that its diffracting planes make some particular angle 6 with
the incident beam and the detector is set at the corresponding angle 20. The detector
records the intensity of the diffracted beams and these can be plotted out as a
function of 20. Each crystalline substance has its own characteristic diffraction

pattern which may be used for its identification .

\ X-ray
( ltube

l ) filters

Figure 2.4 The essential features of X-ray diffractometer ¢/,

2.2.1.1 Preparation the samples for XRD measurements

The phase composition and purity of each sample was initially determined
from X-ray diffraction. The XRD instrument used was a PANalytical’s X’Pert
Powder diffractometer located at the University of Sydney, Sydney, Australia
equipped with a copper tube (Cu-K o4 radiation), having a wavelength of 1.5406 A
The operating voltage was 40 kV and the current was 20 mA. All samples were
measured in flat plate mode at room temperature, and for some samples, variable
temperature data (VT-XRD) were also recorded under evacuated atmosphere from
30 to 800 C. A scan range of 10° <26 < 100° and a scan length of 10 minutes were
used. Diffraction patterns obtained from the ICSD (Inorganic Crystal Structure
Database) were used for the comparison with obtained products, and as the starting

models for the refinements.
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Focusingand parallel
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Rotator
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Sample changer

Sampleplate

Figure 2.5 A photograph of PANalytical’s X Pert powder X-ray diffractometer.

2.2.2 Synchrotron X-ray Diffraction (S-XRD)

A synchrotron radiation source produces high coherence electromagnetic
waves with high brilliance of the beam. It generates very intense X-rays compare to
those obtained from a conventional X-ray source. The main constituents of a
synchrotron radiation source are illustrated in Figure 2.6. The electrons are
accelerated from a linear accelerator and then by a booster ring. When the electrons
reach certain energy and velocity (approaching the speed of light), the electron beam
will be injected into the storage ring which is operated under ultrahigh vacuum
conditions. Then will be confined in a circular orbit, with a large radius by a
succession of magnets without gaining any further energy. The beam is deflected
from a straight path by some degrees when passing through a magnet. Through
bending magnets, consequently synchrotron radiation will be emitted tangentially to
the electron orbit. The emitted radiation has not only extremely high brilliance but
also a very broad spectral range with high intensity which easily allows a desired
wavelength to be selected for different experiment requirements. In addition,
insertion devices such as undulators, wigglers and focusing magnets, which consist
of periodically arranged magnets, can be employed at the straight sections of the ring
to improve the intensity and brilliance of the radiation **.
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electron beam

storage maanet
ring 29

\‘} ey a~
’ Sumte ™ synchrotron

LS radiation

Figure 2.6 A construction of synchrotron radiation source.

2.2.2.1 Australian Synchrotron Radiation Facility

The Australian Synchrotron is a third generation facility producing light
ranging from infrared to hard X-rays. The high resolution powder diffraction
beamline (10-BM-1) is located on a bending magnet source and has been designed to
operate over the energy range 5-30 keV (0.41-2.4 A). The beam line consists of three
hutches and a user cabin (Figure 2.7). The first hutch contains the optics, including
mirrors and double crystal monochromators (DCM). The centre hutch houses the
primary end station where the powder diffraction experiments are undertaken.
Finally, the third hutch contains a large optical table which allows a variety of

alternative configurations, primarily centred on engineering applications .

.

Vo M VAN Shuter  Experimentend
station

Figure 2.7 Schematic layout of the 10-BM-1 Powder Diffraction beamline ™. VCM
and VFM are vertically collimating and focusing mirrors.
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The beam is monochromated by double-crystal Si (111) monochromators. In this
work, diffractions data were collected for samples housed in narrow diameter
capillaries that were rotated continuously during the measurements. The detector
consists of an array of 16 MYTHEN microstrip detectors. The detector channels are
offset approximately 2° from each other thus the movement of the detector arm needs
no more than about 2-3° to measure an angular range of 80" in 26. The primary end
station has been designed such that it is capable of accommodating a wide variety of
experiments, particularly those utilising non-standard sample stages and cells. The
range of studies carried out at the station include: structural and physical property
studies of solid metal oxides, examination of minerals and minerals processing
products, particularly under non-ambient conditions, phase identification and
quantification of pharmaceuticals, ab initio structure solution and variable

temperature studies 71,
2.2.2.2 Preparation the samples for S-XRD measurements

The synchrotron diffraction data presented in this thesis was collected at the
Australian Synchrotron high resolution powder diffraction beamline (10-BM-1),
using a spinning glass capillary of 0.3 mm diameter with a wavelength of 0.82554 A.
The data were recorded at room temperature over an angular range of 5° < 26 < 85'.

The wavelength was calibrated using LaBs, as a standard.
2.2.3 Neutron Diffraction (ND)

Neutron diffraction can also be used to study the structure of crystalline
materials. The weak interactions of neutrons with atom nuclei provide a highly
penetrating and non-destructive probe, which enable experimental configurations
with complex sample environments such as cryostats, furnaces and pressure cells to
be used. According to the de Broglie Equation (A = h/p) where h is Planck’s constant,
the wavelength of neutrons (1) is dependent on the momentum of a free particle (p).
Therefore, thermal neutrons which have an approximate velocity of 2.2 km/s can be
a useful crystallographic probe since its wavelength is comparable to interatomic
distances (81,

Unlike X-rays, neutrons interact with the nuclei rather than electrons, and the
scattering power of the nuclei is approximately constant for all elements %! The

scattering power, which is represented by neutron scattering length (b;) is generally
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independent of scattering angle and as consequence, strong reflections can be
observed at both long and short d-spacings. Furthermore, neutron scattering lengths
(bi) vary as an irregular function of atomic number (see Figure 2.8). Consequently,
the neutron diffraction technique can distinguish not only neighbouring atoms in the
periodic table from each other, but can also detect light atoms in the presence of
heavier atoms. The ability to scatter both light and heavy atoms in solid materials
plays an important role, for instance, in the completion of metal oxide structure

determinations 24,
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Figure 2.8 The irregular function of neutron scattering length against atomic

number 24,

The neutron has a spin quantum number (1/2), and the possession of a
magnetic moment and this allows the neutron to interact with unpaired electron spin.
Consequently, neutron diffraction can also be a powerful tool to determine magnetic
structures of materials. The magnetic scattering power of neutron diffraction, which
can be termed as a form factor (fy,), is similar to the X-ray scattering factor. The total
intensity scattered by unpolarised neutrons which contain all directions of spins will

be the sum of both nuclear and magnetic scattering, as shown in Equation 2.2 where

2 2 . .
FP¥and F,;"9 are factors of nuclear and magnetic structures respectively.

Tot? _ pnuc? mag?
Foir = Fpt + Fopg 2.2

50



Chapter 2: Experimental

The structure factor ™% is defined in Equation 2.3 where q is the magnetic
interaction vector which depends on magnetic moment and scattering vector of atom
I, and p is the magnetic scattering length which is calculated from the magnitude of
the magnetic moment and the magnetic form factor f.

Fmag® _

n 2ni (hx;+ky;i+lz;
hkl —Zi=1 qipe (hxi+kyy 0 2.3

When a compound possesses magnetic moments which are orientated in all
directions, the incident neutron is scattered incoherently, and the background
intensity consequently increases. The magnetic Bragg reflections can only be
detected if magnetic ordering appears in the structure. For ferromagnetic materials,
the magnetic ordering and the nuclear cell have the same periodicity; hence the
reflections of nuclear and magnetic structure are superimposed. For
antiferromagnetic materials, extra reflections from magnetic ordering will also be
observed. That is due to the supercell of the magnetic structure, which has a
periodicity greater than that of the nuclear cell in one or more directions 8.

Comparing to XRD techniques, ND examinations require relatively large
amounts of sample due to the weak interaction and the low intensity generated by
neutron sources. Sufficient neutron flux can be conventionally generated from a
nuclear reactor where fast neutrons are produced continuously by nuclear fission. In
order to maintain the process of nuclear fission and also to have a suitable range of
wavelengths to study atomic structure, a moderator which normally contains a large
amount of low mass nuclei is used to slow down the produced fast neutrons. The
moderated thermal neutrons have a wide range of energy such as white spectrum;
hence a monochromator is required to select neutrons with a desired constant

wavelength for the experiments %,

2.2.3.1 Echidna, the high resolution powder diffractometer at Australian
Neutron Source OPAL

Echidna (Figure 2.9) is one of the world’s best reactor based high resolution
powder diffractometers, located on neutron-guide hall, thermal guide TG-1 at the
Australian Neutron Source OPAL, near Sydney. The diffractometer is designed to
achieve high resolution using a single wavelength. The optimum neutron flux on the

sample is enabled by both vertical and horizontal focussing of the monochromator
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and the monochromator has a variable take-off angle between 90" and 140". The
neutron flux at the sample position is up to 10" ncm?s™. A range of neutron
wavelengths from 1 to 3 A is available by using different (h k I) orientations of a Ge
crystal monochromator. The detector array consists of high resolution collimators
and 128 sensitive detectors that are 300 mm in height. The typical scans take around
2-3 hours. A choice of cryostat, cryofurnace or vacuum furnace allows sample

temperature to be as low as 1.8 K or as high as 2073 K 1?2,

W  §
ﬁkm) ﬁ
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SEL

Incoming
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Monochromator

Figure 2.9 A photograph and layout of the Echidna diffractometer %2,

2.2.3.2 Preparation the samples for ND measurements

In this work, neutron powder diffraction data for some samples were measured
using the high resolution powder diffractometer, Echidna ?®, at the OPAL facility
(Australian Nuclear Science and Technology Organization) at a wavelength of
2.4395 A. For these measurements the sample was contained in a 8 mm cylindrical

vanadium can. The scanning angular range was 10° < 20 < 160".
2.2.4 X-ray Absorption near Edge Structure (XANES) Spectroscopy

X-ray absorption near edge structure (XANES) spectroscopy is a non-
destructive analytical technique which reveals information about the local structure,
chemical composition, and physical properties of materials ?%. The technique is
based on observing the scattered intensity of an X-ray beam hitting a sample as a

function of the energy. XANES data are typically observed as absorption peaks
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when protons are absorbed within a specific energy region 4. As seen in Figure
2.10, the fundamental phenomenon of the XANES technique is derived from the
absorption of an X-ray photon by a core level of an atom in a solid and the
consequent emission of a photoelectron (step 1). The resulting core hole is filled
either via an Auger process or by capture of an electron from another shell followed

by emission of a fluorescent photon (step 2).

Photoelectron
A
1) ——WB ) ———B o ——— B
S 0 0’
Fluorescent
photon
K-1ay photon detected
interactswith ——1——1 I ——1

sample

Figure 2.10 The fundamental processes which contribute to XANES spectra 1%,

Unlike the photoemission technique where the final state of the emitted
electron captured in the detector must be extended, the final state of the
photoelectron in XANES may be a bound state since the photoelectron need not be
detected. When the X-ray photon energy resonantly connects a core level with a
narrow final state in a solid, readily identifiable characteristic peaks will appear in
the spectrum. The absorption peaks of XANES spectra are determined by multiple
scattering resonances of the photoelectron excited at the atomic absorption site and
scattered by neighbouring atoms. The local character of the final states is determined
by the short photoelectron mean free path which is strongly reduced to about 0.3 nm
at 50 eV. The typical energy range allows inelastic scattering of the photoelectron by
electron-hole excitations and collective electronic oscillations of the valence
electrons called plasmons 12>2°],

In the XANES region, starting energy is about 5 eV beyond the absorption

threshold. The photoelectron backscattering amplitude by neighbor atoms is very
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large so that multiple scattering events become dominant in the XANES spectra.
Synchrotron radiation has a natural polarization that can be utilized to great
advantage in XANES studies. The commonly studied molecular adsorbates have
sigma and pi bonds that may have a particular orientation on a surface. The angle
dependence of the X-ray absorption tracks the orientation of resonant bonds due to

dipole selection rules 25271,
2.2.4.1 Preparation the samples for XANES measurements

Rh Ls,-edge X-ray absorption spectra were recorded for LaRh;.xCuxO3 and
La;xPbyRhysCups03, from powder samples dispersed on Kapton tape, in
fluorescence mode on beam line BL-16A1 at the National Synchrotron Radiation
Research Centre (NSRRC) in Hsinchu, Taiwan using a Lytle detector . Energy
steps as small as 0.2 eV were employed near the absorption edges with a counting
time of 2 s per step. The spectra were normalized to the incident photon current. The
energy scale of the Rh Ls,,- edge spectra was calibrated using the L,-edge of a Mo

foil. LaRhO; and Sr,RhO, were used as the Rh** and Rh** standards respectively.
2.2.5 Scanning Electron Microscope (SEM)

The scanning electron microscope used in this work was a Intellection
Quemscan located on the Electronic Microscope Unit (EMU) at the University of
Sydney (Figure 2.11). The SEM technique consists of an energetically focused beam
of electrons. This highly focused beam is obtained using a series of magnetic lenses.
The beam hits the sample releasing secondary electrons that are then counted by a
detector and amplified to obtain a reasonable signal. A set of scanning coils moves
the beam across the specimen in order to obtain an image of the area under study.
The image can be gathered at various magnifications generally from 1 to 20000
times. Low-count energy-dispersive X-ray spectra (EDX) are also generated and
provide information on the elemental composition at each measurement point. The
instrument has four EDS detectors and can analyse up to 200 points per second. The
focused beam of electrons excited the atoms, which release characteristic X-rays.
The total intensity gives the relative concentration of each element in the zone under

study.
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Figure 2.11 A photograph and Schematic diagram for a Quemscan SEM.

2.2.5.1 Preparation the samples for SEM measurements

Powder samples were dispersed on double sided Kapton tape attached to
aluminium samples plates. The samples were then coated by carbon to roughly 2 mm
thickness. The samples were placed in the chamber which was purged, sealed and
evacuated. The microstructure and EDX analysis was carried out using a Intellection
Quemscan with electron high tension (EHT= 20.0 KV), filament current (Fil | =
2.394), gun vacuum (5.66 e mbar) and system vacuum (3.46 e mbar). Phoenix

software was used for the element analysis.
2.2.6 Resistivity Measurements

The electrical resistivity of a material varies over many orders of magnitude
and depends upon many factors, including chemical composition and structure 2%,
The electrical resistance is defined as the opposition to the flow of electrical current
through the material. It scales with the dimensions of the sample (length and cross
sectional area). Thus, a more meaningful property of a material is the resistivity.
Resistivity is an intrinsic quantity independent on the sample size ?*. The resistance

and resistivity (p) are related by:
R=p. (L/IA) 2.4
Where, A is the cross sectional area of the material and L is the length.

The electrical conductivity (o) is defined as the reciprocal of the electrical
resistivity and is given Sl units (S.m™). The property is strongly correlated with the
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atomic number and electron configuration of the elements. Materials, based on the
magnitude of electrical conductivity, are classified as metallic, semiconductor and
insulator M®%°1. Electrons in an atom cannot have an arbitrary energy value, but rather
have fixed energy levels. These energy levels split to two bands (valence and
conduction), determining the conducting type. In insulators and semiconductors, a
forbidden gap between the energy levels which the electrons cannot occupy also
exists. Thus, in order for a current to flow, a relatively large amount of energy must
be applied to enable an electron to leap across the gap into the conduction band %%,
In metals, the resistance is too small due to either the overlap (Figure 2.12) between
the valance and conduction bands, or the occupation of nonbonding electrons in a

band with states just above the excitation level %%,

F 4
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Band Band
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»DOS »D0OS
Metals Semiconductors

Figure 2.12 A scheme of electronic band structures in metals and semiconductors
materials. Where Eg is a forbidden band energy (less than 2.0 eV for
semiconductors), and DOS is density of states. The band gap of insulators is much

greater than in semiconductors %),

Experimentally, the thermal behaviour of the conducting type materials is
understood by Arrhenius’s law. Metals conduct down to the lowest attainable
temperature, and become less conducting upon increasing temperature. That is as
consequence of lattice vibrations which cause barriers for the movement of carriers.

Insulators and semiconductors become more conducting upon increasing temperatures
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(Figure 2.13) due to thermal excitations of electrons into the empty conduction band
[1029] " The temperature effect on the conductivity is much more significant in
semiconductors than in insulators. Insulators tend to be ionic or strongly covalent, and
thus the valence electrons are tightly bound to the atom (high electron localization)
where semiconductors are predominately covalent and have valence electrons that are

weakly bound to the atoms, thus they are free to move upon some thermal excitation
[10,29]

o A
G <
—
1T - 1/T -
Metals Semiconductors

Figure 2.13 The temperature dependence of the electrical conductivity for metals

and semiconductor.

2.2.6.1 Physical Properties Measurement System (PPMYS)

The electrical and magnetic measurements were performed using a Physical
Properties Measurement System (PPMS) manufactured by Quantum Design. The
PPMS is liquid helium cooled, temperature and variable system capable of doing a
number of electrical, thermal and magnetic measurements B%. The system can
generate magnetic fields between 7 Tesla and temperatures between 1.9 and 400 K.
The PPMS is composed of a standard dewar with a liquid helium bath in which a
probe is immersed B%. The probe (Figure 2.14) is capable of temperature control and
iIs composed of a superconducting magnet, a sample puck connector and electrical

connections. A vacuum pump continuously pumps the sample chamber B,

57



Chapter 2: Experimental

Magnet

« Thermometer

* Sealed Sample Space
Cooling Annulus

Puck
Heaters and Thermometers

I Dual Impendence System

Figure 2.14 Layout of the PPMS Probe B,

2.2.6.2 Preparation the samples for Resistivity Measurement

Sintered samples with 0.5-1 mm thickness were cut into rectangular pieces
approximately 3 x 4 mm for four wire direct current (DC) resistivity measurements.
Each sample was glued onto a Kapton tape attached to the sample puck. The puck
(Figure 2.15) is a copper, gold-plated disk with a 2.3 cm diameter designed to
measure four probe resistivity on 3 samples independently. Four contacts were
painted onto the sample and attached to the sample puck using silver paste and
copper wires. The puck was set on 12-pin connector at the base of the chamber near
the thermometer and heater. Current was fed through two electrical leads placed at
the very ends of the sample and the two inner leads measured the potential drop
across the sample. The input impedance of the voltmeter allowed for a high degree
of accuracy. Proper electrical connections were verified using a digital voltmeter
before the sample was installed into the chamber. Once the puck was installed, the
sample chamber was purged and sealed and resistivity measurements were taken at
zero field over the temperature range 5- 300 K. The current, power and voltage limits
were set at 999.0 u A, 1000 p W and 95 mV respectively. Using the geometry of the
samples, the data were processed to obtain resistivity values as discussed in the

results.
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Figure 2.15 The front view of DC resistivity puck, and the four probe technique

connection.

2.2.7 Magnetic measurements

Magnetism as a macroscopic phenomenon is attributed to nearest neighbour
interactions on the atomic scale BY. A simple two particle interaction is the key
ingredient to account for large scale, observed magnetic states. When the magnetic
field H is applied to a substance, a linear magnetisation response M is induced !,

and the magnetic susceptibility can be defined as:
x=M/H 2.5

The magnetic susceptibility y represents the response of a material to an applied
magnetic field at certain temperature. The paramagnetic materials, in which there is
no interaction between moments, follow the Curie law Equation 2.6. Where C is the
Curie constant, T is temperature in K, Na iS Avogadro’s number, Kg is Boltzmann
constant, Lefr is the effective magnetic moment and g, is the Lande g-factor, J =
(S + L) is the total angular momentum quantum number, S and L are spin and

orbital angular momentum respectively; up is the Bohr magneton.

C
M—(;).H—)(.H 2.6
_ (Nan
C = ( ;KBB) lleff2 2.7
3 S(S+1)-L(L+1
Herr ~ gy IO + D g, gy = o+ 0D 2.8

2jJ+1)

Curie’s law is derived from a thermodynamical approach to the Hamiltonian of

a collection of ions with no interactions Y. At low temperatures, entropy cannot
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disrupt the spins and consequently spins will be aligned to the applied magnetic
field, lowering the energy of the system. As the temperature increases, entropy
dominates and the spins will rotate causing disorder Y. When the spontaneous
interaction between neighbouring unpaired electrons exists, the magnetic properties
of the material become more complex and the Curie law will be no longer valid.
Curie's law explains the magnetism of transition metal ions and rare earth ions in the
presence of a magnetic field. These elements tend to have valence electrons in the d
and f orbital, and the paramagnetic behaviour is associated with the presence of those
electrons Y. The quantum state of an atom can be characterized by the total spin S,
total orbital angular momentum L and total angular momentum J. These values can
be calculated using Hund's rules. The contribution of orbital angular momentum is
often ignored since there is normally quenched by crystal field effects for the first

row transition metals B4,
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Figure 2.16 The temperature dependence of magnetic susceptibility and inverse

susceptibility curves for paramagnetic, ferro and antiferromagnetic materials.

Magnetic materials are classified to paramagnetic, ferromagnetic, and
antiferromagnetic 2. Figure 2.16 demonstrates the temperature dependence of
magnetic susceptibility and inverse susceptibility curves for paramagnetic, ferro and
antiferromagnetic materials. The materials with positive magnetic susceptibilities

and only exhibit magnetism in the presence of an applied magnetic field are
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paramagnetic. The ferromagnetic materials show a sharp increase in the
susceptibility below a transition temperature, called the Curie temperature, Tc.
Conversely, antiferromagnets exhibit a decrease in susceptibility below a transition
temperature, known as the Néel temperature, Tn. Above the transition temperature,
the paramagnetic behaviour of ferro and antiferromagnetic materials can be
described with the Curie-Weiss law where © is the Weiss constant. The Weiss
constant is generally positive for ferromagnets and negative for antiferromagnets 2.
For ferromagnetic materials, a characteristic hysteresis loop can also be observed
(Figure 2.17). The ferromagnetic material is magnetised in one direction with an
increasing field. Thus, the saturated magnetisation (Ms) can be found when the
magnetisation reaches a maximum 2%, The magnetisation will not relax to zero when
the field is removed and the application of an opposite direction field is necessary to
relax the magnetisation. If a cyclic magnetic field is applied, the magnetisation of the
material will trace out a loop. The hysteresis loop results from the existence of
magnetic domains in the material. With the application of the opposite field, a
remnant magnetisation (Mr) occurs showing the remaining magnetisation at zero
fields, while the coercive field (Hc) is the opposite field applied when the
magnetisation is relaxed to zero. A large hysteresis area is the property of a hard

magnetic material, while a small area indicates a soft magnetic material 2.
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Figure 2.17 A typical hysteresis loop of a ferromagnetic material ¥,
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2.2.7.1 Vibrating Sample Magnetometer option (VSM- PPMYS)

The Quantum Design Vibrating Sample Magnetometer (VSM) option for the
Physical Property Measurement System (PPMS) is a fast and sensitive DC
magnetometer %, The basic measurement is accomplished by oscillating the sample
near a detection (pickup) coil and synchronously detecting the voltage induced. By
using a compact gradiometer pickup coil configuration, relatively large oscillation
amplitude (1.3 mm peak) and a frequency of 40 Hz, the system is able to resolve
magnetization changes of less than 10-6 emu at a data rate of 1 Hz B%. The VSM
option for the PPMS consists primarily of a VSM linear motor transport head for
vibrating the sample, a coil-set puck for detection, electronics for driving the linear
motor transport and detecting the response from the pickup coils, and a copy of the
Multi-Vu software application for automation and control B,

VSM Cryopump Monitor

Containment Dewar Vacuum Operational Electronics

Figure 2.18 Quantum Design Physical Properties Measurement System set up for
VSM.

2.2.7.2 Preparation the samples for magnetic measurements

The magnetic measurements were also performed using the PPMS employing
the vibrating sample magnetometer feature (VSM). The studied powder samples
with approximate mass 30-40 mg were placed in a clean dry sample capsule
container which was mounted in a special sample holder. The sample holder was

rigged onto a centering unit, ‘‘sample mounting station’’ to place the sample at the
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correct position in relation to the detection coil inside of the magnetometer. The
sample in the holder was attached to the end of a sinusoidally driven sample rod. The
centre of oscillation is positioned at vertical centre of gradiometer pick up. The
signal from the interaction of the sample with the pickup coil was used to determine
whether the sample was the correct position for reliable measurements to be taken.
Once the chamber was purged and sealed, certain magnetic fields 5 kOe were
applied to study temperature-dependent behaviour at a temperature range of 5-300 K,
and variations in the applied magnetic field of £10, 50 and 90 kOe were adopted for
the hysteresis studies. Scaling the magnetic moment by the sample mass and molar
mass, and then the magnetization was divided by the applied field to obtain the
molar magnetic susceptibility (Equation 2.9). Magnetism is due to the magnetic
moments of electrons given in units of Bohr Magnetons (pef):

Xm = (M X Mp,)/(H X m) 2.9

Where ( x,, ) is the molar magnetic susceptibility (emu.mole’), M,, is molar mass (g.

mole’) and m is the mass of the sample (g).

2.2.8 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is an analytical tool that measures weight
changes in a material treated thermally B*®. It is commonly employed to examine
characteristics of materials, to determine degradation temperatures, absorbed
moisture content, level of inorganic and organic components, purity, and
decomposition points for different materials ®***!. The analysis is carried out by
raising the temperature of the sample gradually and plotting weight (percentage)
against temperature. A derivative weight loss curve can identify the point where
weight loss is most apparent.

TGA analyser usually consists of a high-precision balance with a platinum pan
loaded with the sample. That pan resides in a furnace and is heated or cooled during
the experiment. The sample is placed in a small electrically heated oven with a
thermocouple to accurately measure the temperature ¥***1. The atmosphere may be
purged with an inert gas such nitrogen to prevent oxidation or other undesired

reactions.
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Figure 2.19 A photograph and layout of TGA 2950 furnace.

2.2.8.1 Preparation the samples for TGA analysis

The instrument used in this work was a TGA 2950 Thermal Analyser.
Generally, a small mass of powder samples (~ 10-50 mg) was placed on a pre-dried
platinum pan which is attached to a high precision balance. The sample’s mass is
constantly weighed as the sample is heated at a standard rate in a pure nitrogen
atmosphere in order to examine weight loss under inert condition. Samples for
antimonite, niobate and tantalate oxides were analysed up to a maximum temperature
of 800 °C using a heating rate of 10 ‘C per minute. The calculations of weight lost

were performed using the Universal Analysis 2000 (Version 4.2E) programme.
2.2.3 Data Analysis

The major software and programmes used in this work are RIETICA for
structure refinements and IFEFFIT Athena programme for XANES spectra

normalization.
2.3.1 The Rietveld Analysis

The Rietveld method is utilized to refine crystal and magnetic structures from
obtained X-ray or neutron powder diffraction patterns ©°. It refines various metrics
including lattice parameters, peak width and shape, and preferred orientation to
derive a calculated diffraction pattern. In most powder diffraction patterns, overlap
between Bragg reflections occurs particularly for lower-symmetry materials due to

the polycrystalline nature. As an alternative for analysing each individual reflection
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or resolving the reflection overlap, the Rietveld analysis performs a curve fitting

method by considering the observed intensity y; (,55) Of €ach equal spaced step over
the entire pattern. That includes the background intensity y; (»qckgrouna) @nd the sum

of the contribution of reflections close to the powder pattern step y; (sragg) [36],

Yi (obs) = Yi (background) + Zi Yi (Bragg) 2.10

The Rietveld method is a least-square fit that minimises the residual between
the observed intensity y; ,ps) and the calculated intensity y; i) at all the steps.
Once the derived pattern is nearly identical to an unknown sample data, various
properties pertaining to that sample can be obtained including: accurate quantitative
information, crystallite size, and site occupancy factors. The method basically
requires some information related to initial structural model, space group, unit cell
lattice parameters, atomic positions and instrumental details. The calculated intensity
Yicaic) OF each step as expressed in Equation 2.11 can be calculated by a
mathematical expression that includes the factors related to both the structure and the

non-diffraction terms 1381,

Vi (cate) = S 2niet Lkt | Fraal? @ (260; = 26041) Pt A + Vi (backgrouna) 211

Where s is the scale factor, Lpq contains the Lorentz, polarisation and multiplicity
factors, Fny is the structure factor which includes nuclear and magnetic structure
factors if applicable, @ (26, — 26,;) is the peak shape function which describes the
effects of the instrument and the sample on the reflection profile, Py is the preferred
orientation function, and A is the absorption factor ¢,

To improve the match between observed and calculated diffraction patterns
during the refinement process, each of structural and functional parameters must be
cycled and varied. The fitting results can be estimated by the examinations of a plot
of the difference between observed and calculated patterns, or by referring to the
reliability factors Ry, Ry, and y? ¥°1. The residual values R-pattern, R- Weight pattern

and Goodness of fit are defend in the following Equations:

Rp = Zl()’i (obs)) - (yi (calc))l/z Vi (obs) - 2.12

211/2
Rup = |Z Wi (Vi obs) — Vi (caIC))Z/Z Wi (yi (obs)) | . 2.13
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XZ = Z Wi (yi (obs) — Vi (calc))z/(n —p+ C)- 2.14

Where n is the number of observations, p is the number of parameters and c is the
number of constrains in the definition of goodness of fit. A good fit with the refined
structure model should have a low residual value. The ¥? value is directly
proportional to S, and is ideally unity ¢,

The Rietveld Method has an advantage, over conventional quantitative
analysis, that no standards are required to achieve accurate results. Before this
approach, an accurate and standardless quantitative phase analysis of complex
materials using powder diffraction was almost impossible. All refinements of
perovskite structures from X-rays and neutrons powder diffraction patterns in this

thesis were carried out with Rietveld method using the programme RIETICA B¢,
2.3.2 IFEFFIT programme

IFEFFIT is an interactive program for X-ray absorption fluoresce spectroscopy
analysis (XAFS). It combines the high-quality analysis algorithms of AUTOBK and
FEFFIT with graphical display of XAFS data and general data manipulation 738,
IFEFFIT comes as a command-line program, but the underlying functionality is
available as a programming library. The IFEFFIT library can be used from C,
Fortran, Tcl, Perl, and Python B3 |t includes ATHENA, ARTEMIS, and
SIXPACK softwares. The programme includes a feature of generalized minimization
routine for fitting non-XAFS data, including XANES fitting to combinations of

g 13738]

model spectra or pre-defined function In this work, Athena software

h®*** in the Lag

programme was utilized to estimate the ionic ratio R
«PbyRho 5CuUp 503 and LaRh;.Cu,O3 series. The method is based on XANES fitting to

combination of model spectra.
2.3.3 General Calculations

To calculate the actual masses needed to synthesize the samples, physical
means include activation energy, effective magnetic moments and water content in

the samples, the following Equations were utilized.

a) Mass of starting materials (m)

n M
ms = —=X=Xmy 2.15
Ng M¢
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Where m and M are the mass (g) and the molar mass (g/mole), s and t refer to

starting and targeted materials,% is a stoichiometry factor for an element in the
compounds.

b) Activation Energy
€, =—b x8.617 x 1075, 2.16

Where €, is activation energy (eV) and b is a slope of the straight line of an
Arrhenius plot where natural logarithm of electrical conductivity is plotted against

inverse temperature (K™), 8.617 x 1075 is Boltzmann constant (eV/K).

c) Effective Moment (), Weiss constant (8) and Curie constant (C).

Uers = 2.82/\D 2.17
6 =—-a/b 2.18
C=-T./b 2.19

Where a and b are the intercept with x axis and the slope of a straight line for a

Curie-Weiss plot (inverse molar magnetic susceptibility against temperature).

d) Water Content in a sample (W. C).

whight loss (mg)xmolar mass of the compound(mg/mmole)

W.C = 2.20

residul mass (mg)xmolar mass ofwater(mg/mmole)

In the following chapters observations, results and discussion for studied

perovskite material will be presented.
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Chapter 3: Structural and Physical Properties of La;.xAxRho.5Cug 503

Structural, Electrical and Magnetic Studies of the A site Doped
Oxides LaRhgsCuos05 (A= Ca?*, Sr?*, Pb* and Bi*")

3.1 Introduction

The electrical and magnetic properties of many double perovskites remain
controversial and enormous efforts are ongoing in the search for an improved
understanding of these properties 2. One extensively studied system is the alkaline
earth 3d-4d mixed metal perovskite Sr.FeMoOg ). While the effect of varying the A-
site doping on the ferromagnetism is still open to discussion, it appears that chemical
ordering between the 3d (Fe) and 4d (Mo) cations plays a key role ™. Even when
such ordering does not exist complex magnetic and electronic behaviour results, as
illustrated by the mixed Ru-Mn perovskites of the type ARu;.xMn,O3 where A = Ca,
Sr or a mixture of these 1,

The incorporation of a cation with a stereochemically active lone pair of
electrons onto the A-site is known to have a significant effect on the structure and
properties of perovskites. This has been explored in the complex manganites La;.
AMNO; (A = Pb?*, Bi**) "), The substitution of La** by Pb?* reduces the amount of
Jahn-Teller (JT) active Mn** present, inducing changes in the crystal structure,
resistivity and magnetic ordering [ &, reflecting the importance of the JT effect. It is
postulated that the 6s? electrons from the Pb?* ions also influence the structure and

[0 Similarly, the substitution of Bi** for La®" in LaMnO; has a

properties
significant effect on the magnetoresistance. This has been attributed to the influence
of the lone pair electrons on Bi** on the superexchange interactions between adjacent
Mn cations [ 1,

The structure of the Rh containing perovskite LaRhgsCugs03 (21 has been
recently described. X-ray spectroscopy showed the Rh and Cu in LaRhgsCus03 to
have valence states of around +3.5 and +2.5 respectively, as a consequence of
extensive charge delocalisation between the Rh and Cu cations. Although this
increase in the formal valency of the Cu would reduce the impact of the JT distortion
of the BOg octahedra, the structural distortion is noticeably larger in LaCugsRhos03
(Ad ~ 11 x 10°) ™ than in LaRhO; (A d ~ 2.5 x 10°) ¥ suggesting that a JT-type

distortion remains significant.
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3.1.1 Aims and Objectives

In the present work, the influence of A- site doping on the structure, electrical
and magnetic properties of the perovskite oxide, Lag75A025Rh1xCuxO3 where A =
Ca®* Sr**, Pb®* and Bi®*, were investigated. The A- site cations were selected based
on their size, charge and electron configuration. The partial substitution of the A- site
was expected to influence the extent of electron delocalization between the two
transition metals on the B- site, which have been described as Rh®*** and Cu*?® [*?]
leading to changes in the physical properties. These physical properties can be
influenced by the differences in the effective charges, the ionic radii and the electron
configurations of both the A and B- site cations. In addition, changes to electrical and
magnetic behaviour can be induced by the stereochemical influence of 6s? lone pair
electrons. For example, the Pb>* and Bi** doped oxides are found to exhibit electrical

and magnetic behaviour different to that of the alkaline earth doped oxides ' *°!,

3.1.2 Methodology

Commercially available materials, La,O3 CuO, Bi,O3, PbO, CaCO3 and SrCO3
(Aldrich > 99.9 %), Rh (Althaca 99.95 %) were utilized in the synthesis. The
appropriate stoichiometric amounts were mixed, using a mortar and pestle, and then
heated in several steps with further intermittent regrinding. Samples were initially
heated for 24 h at 850 ‘C followed by reheating at 950 ‘C for 24 h, 1000 ‘C for 48 h
and 1050 ‘C for 48 h. The samples were finally annealed at 1100 ‘C for 48 h.
Samples containing Pb and Bi were pressed into pellets to minimize the
volatilization of the elements at high temperatures.

Neutron powder diffraction data were collected using the high resolution
powder diffractometer, Echidna [® at the OPAL facility (Australian Nuclear
Science and Technology Organization) at a wavelength of 2.4395 A. For these
measurements the sample was contained in a cylindrical vanadium can. Synchrotron
X-ray powder diffraction data were collected over the angular range 5 < 26 < 85°,
using X-rays of wavelength 0.82554 A on the powder diffraction beamline at the
Australian Synchrotron 1. For these measurements the samples were housed in 0.3
mm diameter capillaries. The structures were refined using the program
RIETICA®. The peak shapes were modelled using a pseudo Voigt function. The
microstructure of the powder samples was examined by scanning electron

microscopy (SEM) using an Intellection Quemscan.
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Magnetic measurements were carried out using a Quantum Design, PPMS.
The temperature dependence of the magnetic susceptibilities was measured under
both zero- field cooled (ZFC) and field cooled (FC) conditions in an applied field of
5 kOe over the temperature range 4-300K. The temperature dependence of the
resistivity was measured using a DC four probe technique with the same
measurement system. For the resistivity measurements the sintered samples were cut
into pieces of approximately 3 x 4 mm onto which four contacts were painted using
silver paste.

Rh L3, edge X-ray absorption spectra were recorded from, powder samples
dispersed on Kapton tape, in fluorescence mode on beam line BL-16A1 at the
National Synchrotron Radiation Research Centre (NSRRC) in Hsinchu, Taiwan
using a Lytle detector %, Energy steps as small as 0.2 eV were employed near the
absorption edges with a counting time of 2 s per step. The spectra were normalized
to the incident photon current. The energy scale of the Rh L3, edge spectra was
calibrated using the L, edge of a Mo foil. LaRhO3 and Sr,RhO, were used as the

Rh*" and Rh** standards respectively.

3.2 Results and discussion: Lag75A0.25RN1xCuxO3

Eight members of the A- site doped Rh perovskites with general formula
Lao.75A0.25RNo7CU0.303s and Lag75A025RNosClU0sO3 (A = Ca** Sr**, Pb®* and Bi*")
were synthesised by solid-state methods and their crystallographic, magnetic, and
electric properties investigated. Each of these samples has an orthorhombic
perovskite-type structure in space group Pbnm. Initially, the synthetic attempts
focused on Lag7sA025RNosCUosO3 oxides where A = Ca®* Sr**, Pb*" and Bi**,
however only for Pb?* and Bi** were single phase samples obtained. Subsequently,

the Lag.75A0.25Rho 7Cug 303 series was also prepared.

3.2.1 Visual Inspection

The heating regime described above produced crystalline, black coloured,
samples. The colour of the samples changed from gray, for the raw material, to black
for samples heated above 950 ‘C. SEM measurements (Figure 3.1) demonstrated the

samples to be well sintered and free of any obvious impurities.
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Figure 3.1 Scanning Electron Micrograph images for Lag75Big25RhosCups0s,
LaRhg5Cug 503 and Lag 75Pbg.2sRhg5CuUg 503.

The Pb doped oxides are much more crystalline than the undoped and Bi
doped oxides. Decreasing the Cu content did not lead to any changes in the shape
and sizes of the particles. However, it was found that Ca and Sr are more soluble in
the Lap75A025RNp7CuU 303 solid solutions than in Lag75A025RNpsCups03. Doping
with Ca and Sr results in smaller particle sizes than what was observed for the Pb
doped compounds. In addition, Lag75Cag2sRho7Cup303 and Lag75Sro 25Rhp7Cug 303
are more crystalline than Lag 75Pbg 2sRho 7Cug 303 (Figure 3.2).

Figure 3.2 Scanning Electron Micrograph images for Lag7sCag2sRho7Cup 303,
Lao.755r0.25RNo7CU0 303 and Lag 75Pbg 25RNg.7CuU0 303

EDX measurements provide qualitative and quantitative information about the
elemental compositions of the materials. In the present case overlap of the
characteristic X- ray lines limited the accuracy of such measurements. There was no
evidence for the loss of any element from the samples during heating. The mass
ratios of the elements agree with the nominal stoichiometry.
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3.2.2 Crystal Structure

X-ray diffraction measurements showed the oxides were isostructural with
undoped LaRhO3 % and have an orthorhombic Pbnm structure. The position of both
the Rh and Cu ions in the unit cell is (0, 0, 0). The orthorhombic structure was
identified by conventional XRD patterns and then confirmed by Synchrotron-XRD.
Figure 3.3 illustrates the Rietveld refinement profiles for LaRhgsCuos03. The lattice
parameters were determined to be a = 5.55285(3), b =5.69054(3) and ¢ = 7.83210(3)
A; the reliablity factors Ry =5.39, Ryp = 8.26, x? = 20.89.

150000 4
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10 20 30 40 50 60 70 30

Figure 3.3 Synchrotron X-ray diffraction profiles for LaRhysCuys03. The data are
represented by the crosses and the solid lines are the calculated and difference
profiles. The positions of the space group allowed reflections are shown by the
vertical markers immediately below the observed profile. A representation of the
LaRhg 5Cup s Oz structure is also included.

The protocol used in the Rietveld refinements was to initially estimate the
background, lattice parameters and diffractometer zero-point errors using typical
peak shape parameters for the diffractometer, obtained from fitting of a standard

material. Next the variable positional parameters for the heavy and oxygen atoms
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were sequentially refined, followed by the atomic displacement parameters. Finally
the instrumental peak shape parameters were refined. The quality of the fit was
judged from both visual examination of the profile, and consideration of the various
R-factors. The validity of the structural model was established through examination
of the refined bond distances and angles. The X-ray diffraction measurements
showed no evidence for ordering of the Cu and Rh cations. Subsequently, powder
neutron diffraction data were obtained for Lag7sPbg2sRhps5Cuos03 and this was
analysed using a model in the orthorhombic space group Pbnm where the Cu and Rh
were disordered at the octahedral sites. The results of Rietveld refinement are
presented in Figure 3.4 and summarised in Table 3.1. The structural refinement
provided no evidence for any anion vacancies in the structure, attempts to refine the
anion occupancies resulted in values within two esds of full occupancy. This
conclusion is also supported by the values of the refined displacement parameters

which were normal.
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Figure 3.4 Neutron diffraction profiles for Lag7sPbg2sRhpsCuosOs at room
temperature. The data are represented by the crosses and the solid lines are the
calculated and difference profiles. The positions of the space group allowed
reflections are shown by the vertical markers immediately below the observed

profile.
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Table 3.1 Results of the structural refinement for Lag75Pbg25RhosCuosO3 using
neutron powder diffraction data at room temperature. The bond distances for M-O,
M-O, and M-O," are 2.024(1), 2.047(2), and 2.061(2) A respectively.

Atom Site X y z Biso (A9 Occ

La/Pb 4(c) 0.4900(5) -0.0499(4) 0.25 1.66(10) 0.75/0.25
CulRh | 4(b) 0 0 0 161(09)  0.5/0.5
O(1) |4(c) 05875(6) 05222(6) 025  0.85(13) 1.0
0(2) |8@d) 02992(4) 0.2014(4) 0.0443(3) 1.73(07) 1.0
Parameters a=5.5483(4), b = 5.6929(3) and ¢ = 7.8447(3) A

R- factors Rp=7.07, Ryp=9.11, and x* =2.09

Bond Valence Sums (BVS) are a powerful method to probe the stability of ions in
crystal structures. These are calculated from the refined bond distances using
Equation 3.1 where R; is the observed bond distance to an individual atom, Rp and b
are tabulated constants, and N is the coordination number of the central atom within
a preset cut-off distance Y. Accurate bond valence parameters, Ro, for Rh*" were not
available, and we have thus estimated the value to be 1.84, based on the structure of
SrRhO;?4. Using this and the tabulated value for Cu**, bond valences for Cu and Rh
were estimated from the refined structure to be 2.24 and 3.41 respectively, with the
average site valence being marginally lower than the anticipated value, 2.83. These
values suggest partial electron transfer between the two cations. The weighted
average BVS for the A- site in Lag 75Pbo25Rhp5Cug 503 is 3.03 although the BVS for
the Pb** cations, at 2.68, is unusually high suggesting considerable overbonding.
Such overbonding can be relieved by disorder of the Pb cations as seen in oxides
such as PbzrO; . The BVS for the La®* cation, 3.15, is unexceptional since the La

(6s?5d") atom has only three valence electrons in its outer shell.
Ro—R;
BVS = X, [exp (R=0))] 3.1

The orthorhombic Pbnm structure is derived from the aristotype Pm3m cubic
structure by tilting of the octahedra. Octahedra in adjacent unit cells may tilt either
in-phase or out-of-phase, and the magnitude of these tilts can be estimated from the

refined atomic coordinates as described by Kennedy et al Y. Both the in-phase (+)
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and out-of-phase (-) tilts are appreciable in Lag75Pbg 25Rho5CuUp 503, 10.9° and 14.1°
respectively. X-ray diffraction measurements showed that the orthorhombic structure
persisted over a wide temperature range, 30 to 900 °C, for the various oxides. The
temperature dependence of the lattice parameters for a representative sample is
illustrated in Figure 3.5. The failure to observe any structural phase transitions below
900 ‘C in the XRD studies is consistent with the size of the tilts. At room
temperature the tilts in CaTiO3 are 9.1° and 12.2° respectively and the compound
does not undergo any structural transitions below 1200 °C, where the smaller in-
phase tilts are lost ¥, A feature of the temperature dependence of the lattice
parameters is the contraction along the b-axis upon heating, whereas both the a and ¢
parameters show simple thermal expansion. The anisotropy in the lattice parameters
is a consequence of the tilting of the octahedra and it is believed that the negative
thermal expansion of b reflects the reduction in the tilting upon heating. This
behaviour is reminiscent of that seen in a number of other perovskites including
some hole-doped manganites of the type Sr1.xCe,MnOs °. The thermal expansion in

the volume is unexceptional, as expected given the lack of any structural phase

transitions.
254
® Volume  ___ggp Q
Polynomial Fit g - 252 =
.......... 1 b=
....... E
-------------- - 250 =
......... 1 -
""""""" L 248
< 4024 \-___.____.
3 ]
% 4004 [ g .
3.98 P ,
S 396 ® b e
= ]
S 3.94- S
= 4 '""wvvv -
< 3.92
0 200 400 600 800

Temperature (°C)

Figure 3.5 The temperature dependence of lattice parameters for
Lao 75Pbo 2sRhpsCUp 503 estimated by Rietveld refinement using X-ray diffraction

data. ay,, b, and c, are the individual lattice parameters converted to the length of
the equivalent primitive unit cell (%, %, %). The temperature dependent variation of

the cell volume is fitted to Vi = 247.68(1) + 4.58(7)x10° T + 1.32(7)x10° T,
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The composition dependence of the unit cell volumes estimated from the
synchrotron diffraction data for the two series Lag75A025Rhp7Cug303 and
Lao.75A0.25RNo5CU0 503 is illustrated in Figure 3.6. Doping with divalent metals, such
as Ca and Sr, significantly reduces the cell volume. This is likely driven by the
partial oxidation of the Rh*" (6 coordinate ionic radius, 0.67 A) to Rh** (0.60 A) 1
necessary to maintain charge neutrality. Despite the impact of such oxidation, the Pb
doped oxide exhibits an increase in the cell volume due to the large ionic size of the
Pb%* cation (8 coordinate ionic radius, 1.29 A). Doping with trivalent metals such as
Bi*" is expected to have little impact on the charge delocalization in the system. The
similarity in formal valency for both La®* and Bi** ions means there is no change in
the overall charge of the perovskites system. The small increase in cell volume of
Lao.7sBig.25Rho7CUg3Os is consistent with the relative ionic size of the Bi** (8
coordinate ionic radius, 1.17 A) and La>* (1.16 A) cations %°!,
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Figure 3.6 Composition dependence of the cell volume for Lag 75A0.25Rho7Cuo 303
and Lag 75A0.25Rho sCuUp 503 estimated by Rietveld refinement using synchrotron X-ray

diffraction data. Where not obvious the error bars are smaller than the symbols.

The Lag75A025RhosCups03 oxides have lower cell volumes than the
corresponding  Lag 75A025RNo7CUp 303  oxides, presumably due to charge

delocalization between the Rh®*°*and Cu®°* cations. As described above, partial

79



Chapter 3: Structural and Physical Properties of La;.xAxRho.5Cug 503

change transfer involving Rh** to Rh*" and Cu?* (6 coordinate ionic radius, 0.73 A)
to Cu®* (0.53 A) is possible 2. Unexpectedly, Lag 75Bio25RhosCuU0sO3 displayed the
lowest cell volume in the series, possibly as a consequence of local order effects.
Similar effects have been reported for LaySri.ay,TiOs “™ and PrgsBagsMn,Og 2. It
is postulated that the balance between the long range Coulomb energy and the short
range ionic repulsion in the lattice is modified by local ordering of the A- site cations
resulting in a decrease in the average cell volume. The decrease in the unit cell
volume of Lag75Bip2sRhpsCupsO3 could also be attributed to the high covalent
bonding character of Bi ions, with small displacement of the A- site cations enhanced

[15 231 That the contraction in the cell volume was seen in

by the covalency
Lag 75Bip 25Rhp5Cug 503 rather than in Lag 7sBig.2sRho7Cug 303 possibly also reflects
the solubility limit of Cu ions in the compound at x = 0.5. It is thought that local
clustering of the doped ions is more likely to occur near the solubility limit. It was

not possible to prepare single phase samples with x > 0.5.

4.04

"Bi:a» 402 ’ ‘
402 3
AT ¢ La'g PL*
ol Ca 2| T 400l
~ 400 Ph| — -
— —
@ L ap ’ ] Bi
D 395 " D 3981 ¢ 3
= I p
1] P o ‘ b
= 396 C - 39F P
© p O C
o o b
R AT
g ? =
8 ‘ ¢ 8 .i&i @
3-90'|'|'|.'|'|'|'|'|'|'| 'il'l'l'l'l'l'l'l
140112 114 116118 1.20 1.22 124 126128 1.30 114 116 118 120 122 124 126 128 130
lonic Radii (4) of the A site cation in lonic Radlii (4) ofthe A site cationin
LaD.?ﬁAD.QSRhD.?CuDSOS LaU.T5AU.25RhD.5CUD.503

Figure 3.7 Lattice parameters a, by, and c, for LagzsA¢25Rho7CuUo303 and
Lag.75A0.25RhosCuUp 503 estimated by Rietveld refinement using synchrotron X-ray

diffraction data. Where not obvious the error bars are smaller than the symbols.

The  lattice  parameters  for  the Lag 75A025RNp7CUp303  and

Lag.75A0.25RNo5Cuos0O3 series are illustrated in Figure 3.7. The lattice parameter
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distortion (D) can be quantified as D = (1/3)Y; 100 [*="2] ] where q; is the

a
Aav

individual lattice parameter converted to the length of the equivalent primitive unit
cell (a/V2, b2, c/2), and a,, is the average lattice parameter.
Lag 75Sr025RNo 7CUp 303 has the most symmetrical arrangement (lowest D value
0.65%), whereas Lag75Big25Rho7Cug 303 has the most distorted lattice among the
series (D = 1.25 %). The D value decreases as x increases in the trivalent metal
doped oxides, but increases in the divalent metal doped oxides. This suggests, again,
the importance of the charge delocalization. The distortion in lattice parameters of
such Jahn-Teller systems is commonly attributed to strain effects on the structure.
Strain in perovskites can be induced through several means including Jahn-Teller
distortions, octahedral tilting, and disorder . The increase in lattice parameter
distortion frequently influences both the electrical and magnetic states in transition
metal oxides. For example, the degeneracy of the Co 3d level ions in LaC01.4TixO3
decreases as the distortion in lattice parameter decreases 31 whilst in Lny,AMnO3
(Ln is a lanthanoid and A an alkaline earth cation), the observed increase in the Curie
temperature and decrease in colossal magnetic resistance effects are correlated with
an increase in lattice parameter distortion 2.

The diffraction studies demonstrate that both Cu and Rh cations were
disordered at the octahedral sites of the perovskite structure. The distortion of this
site can be quantified by Ad = Y;(d; — day)? /(day)* Where d; is the individual
bond distance between the B site cations and the oxygen anions, and d, is the
average of these distances. Ad was estimated to be 1.67 x 10* for
Lag 75Pbo 25sRhpsCuUp503. This value is higher than found for LaRhO3; (Ad = 0.25 x
10*) 31 The external structural distortion D and the internal structural distortion Ad
for oxides compostions are summrised in Table 3.2. There is a strong negative
correlation (r = —0.95) between the lattice parameter distortion and the octahedral
distortion of both the divalent metal doped oxides Lap75A0.25Rhp7Cup303 and the
trivalent metal doped oxides Lap75A0.25RhosCuUps03. The correlation is positive for
LaRhg 7Cug 303 and Lag 75Big 2sRho 7Cug303. Doping with divalent cation, whether on

A or B site, seems to have the same impact on the perovskites structure.
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Table 3.2 Lattice parameter distortion D, octahedral distortion Ad, bond angles M-
O(1)-M and M-O(2)-M for Lag 75A0.25Rh1xCuxO3 oxides.

Compositions D (%) Ad x10*  M-O(1)-M  M-O(2)-M
LaRhO; 1.13 0.25 150.5° 149.1°

LaRhg 7CUo 303 1.19 5.33 1453(5)°  150.4(3)°
Lag75CaoosRho7Clos0s  1.17 0.65 154.4(5)°  155.8(4)°
Lap75Sr025RNg7Clg 303 0.65 9.30 158.4(7)°  152.7(4)°
Lao7sPbo2sRho7CUgs0s  1.02 0.87 1555(7)°  154.0(5)°
Lao7sBio2sRho7CUo 03  1.25 7.07 152.5(6)°  151.6(4)°
LaRhg sCUosO03 1.15 2.24 148.1(4)°  152.5(3)°
Lao7sPbo2sRhosCUgsOs  1.15 1.67 151.3(3)°  150.6(12)°
Lag75Bio2sRhosCUpsOs  0.91 8.76 151.2(6)°  154.7(5)°

Examination of the structures, refined from synchrotron X-ray diffraction data,
show that increasing the Cu content from 0.3 to 0.5 in Lag75A025Rh1xCuxO3
significantly increases the octahedral distortion. The octahedral distortions in both
Lag.75Big.25Rho5CU 503 (Ad = 8.76 x 10™) and Lag75Pbo 2R 5CU0503 (Ad = 1.67 X
10" are higher than in Lag75Bio2sRho7CUg30s (Ad = 7.07 x 10™) and
Lag7sPbo2sRho7CUgsOs (Ad = 0.87 x 10™). Surprisingly, Ad is lower in
LaRhgsCuUos03 (Ad = 2.24 x 10) than in LaRh7Cug30s (Ad = 5.33 x 10™). These
changes are believed to result from partial oxidation of the Cu?* to Cu**. The Cu®*
(3d°) cations are susceptible to Jahn-Teller distortion and hence the presence of Cu®*
IS expected to increase the octahedral distortion. To maintain charge balance,

oxidation of Cu?* must be accompanied by reduction of Rh** to give a mixed valent

Rh***, as observed in LaRh{*/**cu’/*o, 14, As discussed in the following
section cooperative tilting of octahedra is also likely to be important. The differences
in the distortion between the various doped samples suggest a shift in the balance of
the Cu and Rh redox states. The octahedral distortion is also dependent on the
relative sizes of doped cations. For example, the increase in Ad for
Lao.75Ca0.25RNo.7CU0303 (Ad = 0.65 x 10™) and Lag.755r0.25Ro 7CUo.303 (Ad = 9.30 x

10™*) mimics the change in the ( 8- coordinate) ionic radii of Ca?* ( 1.12 A) and Sr**
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(126 A) 1 This trend is not seen in the Pb doped oxides; Ad in
Lag 75Pbo2sRhp 7CuUp 303 is lower than in Lag75Sro25Rhg7Cug303, possibly as a
consequence of the stereochemical impact of Pb 6s electrons.

The M-O(1)-M and M-O(2)-M bond angles, as obtained from the structural
refinements, reflect the octahedral tilting. It is well established that both orbital and
charge ordering are sensitive to the changes in octahedral tilting . These are
smaller in LaRhg7Cug 303 and LaRhgsCugs03 than in other A site doped oxides (see
Table 3.2). Unlike the octahedral distortions, there was no obvious correlation
between the bond angles and Cu content. The tilting of the corner sharing MOg
octahedra for Lag7sPbo2sRhpsCupsOs is similar to that reported for LaRhO;
(150.5°and 149.1°) ¥ The similarity in both the bond angles and octahedral
distortions for Lag75Cag25RN7CUo30s and Lag 75Pbg 25Rho7CU 303, Where Pb?* is
more covalent and has a similar ionic size to Ca** (low electron negativity), suggests
that the decrease in the covalency of the A- site cation also reduces the Jahn-Teller
distortion effect. The correlation between the octahedral distortion, due to the Jahn-
Teller effect and the tilting of the octahedra was described by Woodward ! who
showed that tilting could suppress cooperative Jahn-Teller ordering. It is possible
that the decrease in Ad for LaRh;.4CuxO3 with increasing x can also be attributed to
this effect. Octahedral tilting may also play an important role in magnetic properties
of perovskites. For instance, Sr,Ca;xRuOs ¥ and Se,..Te,CuO3 B exhibit changes
in magnetism upon the increase in x. These changes are thought to be driven by the
changes in the (Ru-O-Ru) and (Cu-O-Cu) bond angles.

3.2.3 Magnetization

The temperature dependent variation of the magnetic susceptibility for the
Lag.75A0.25RN1xCuxO3 oxides under both zero- field cooling (ZFC) and field cooling
(FC) conditions is illustrated in Figure 3.8. In ZFC measurements, the samples were
cooled from RT to 5 K in absence of any magnetic field. A field of 5 kOe was then
applied at 5 K and magnetization measurements were carried out in the heating
cycle. In the case of FC, the sample was first cooled from RT to 5 K in the presence
of 5 kOe field and then magnetization was measured with increasing temperature.
The magnetization curves of all the oxide show reversible field dependence
suggesting paramagnetism at 5 K. Subsequently, the inverse molar susceptibility was

fitted in the temperature region (5-300 K) using the Curie-Weiss equation.
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Figure 3.8 The temperature dependence of the molar magnetic susceptibility for
Lao 75A0.25Rho.7CuU0 303 and Lag 75A0.25Ro5CUp 503 recorded under zero field cooling

and field cooling conditions with an applied field of 5 kQOe.

The inverse susceptibility plots (Figure 3.9) demonstrate that in Lag75A0.25Rh;-
«CUxO3, the susceptibility decreased follow doping with Pb and Bi, but increased
upon doping with Ca and Sr. The best linear fits to the inverse magnetization curves
showed that the effective magnetic moments () for the oxides were negatively
correlated with the Weiss constants. Hysteresis loop measurements (Figure 3.10)
showed the absence of any long range magnetic ordering in the various oxides,
although the non-linear behaviour demonstrates these are not simple paramagnets,

suggesting weak magnetic interactions.
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Figure 3.9 The temperature dependence of the inverse susceptibility for
Lao 75A0.25Rh0 7CuU0 303 and Lag 75A0.25Ro5CUp 503 recorded under zero field cooling

conditions with an applied field of 5 kOe.
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Figure 3.10 Magnetization hysteresis loops for Lag75A025Rho7CuUp303 and
La0,75A0,25Rh0,5Cu0,503 at5 K.

As summarized in Table 3.3, the effective magnetic moments for the Ca** and
Srt doped oxides (1.15 and 1.16 pg) are similar to those for LaRhysCuys03 (1.17
Wg), indicating that doping with divalent metals, whether on the A site or B site, has a
similar impact on the electron configuration of the transition metals. The decrease in
magnetic moments of the divalent doped oxides was consistent with the ranking of
electronegativities of the cations, Sr**(0.95) < Ca*(1.00) < La**(1.10) < Pb?*(1.87) <
Bi**(2.02) . Consequently, pesr for the Sr doped compound was greater than that
observed for the Ca and Pb doped oxides. In the Bi** doped oxides, the magnetic
moments were approximately 50 % lower than those found for LaRhg 7Cu(303 (1.11
ug) and LaRhysCuos03 (1.17 pg). This decrease is thought to be driven, not only by
the electronegativity of the cation but also by the effect of the 6s* lone pair electrons,
although the mechanism of this is unclear. The magnetic moments of the alkaline
earth and undoped oxides are low spin states and that affects such as spin orbit
coupling and/or weak exchange are also present. The Weiss constants (©) exhibited
negative values, lower than seen in the weak paramagnetic oxide LaRhO3 (-2.74 K,
0.295 pg) B indicating the importance of spin-orbit coupling and/or that the

materials are weakly antiferromagnetic .
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Table 3.3 Curie constant C, Weiss constant ©, magnetic susceptibly coefficient

factor y, and effective magnetic moment s for Lag 75A0.25RN1.xCuxOs.

S/ Xo C Hef

Formula (K) (10° emu.mole)  (emu.mole) (Us)

LaRhg 7Cug 303 -33.9 4.564 5.258 1.11
Lag 75Cap.25Rhp 7Cup 303 -44.5 3.742 7.424 1.15
Lag.75Sr0.25RNp 7CUp 303 -34.2 4.923 5.761 1.16
Lag.75Pbo.25sRhp 7CUp 303 -6.9 8.575 0.422 0.70
Lag 75Big.25RNg7Cug 303 -8.3 4.595 0.319 0.55
LaRhg5Cug 503 -23.5 7.337 4.057 1.17
Lag.75Pbo.25sRNp 5CUp 503 -24.4 3.550 2.108 0.83
Lag 75Bio.25RNp5CUg 503 -5.9 10.965 0.388 0.72

3.2.4 Electrical conductivity

Electrical conductivity measurements show that A-site doping by either
divalent or trivalent metals lowers the conductivity, suggesting an increase in the
band gap occurs as a result of the interaction between the valence shell of the A- site
cations and the 3d and 4d orbitals of the B- site cations. This was evident from the
electrical conductivity (o) for LaRhg7Cug 303 (17.24 x 10° S.m™) which is ~ 5 to 20
times higher than that estimated for the Ca, Sr, Pb and Bi doped oxides at 300 K
(1.75, 3.08, 1.22 and 0.75 x 10°® S.m™). Also ook for LaRhgsCuosO3 (4.35 x 10°
S.m™) was much higher than for Lag7sPbo25RhosCuosOs (0.59 x 10° S.m™) and
Lao.75Big.25RhosCUs0s (1.16 x 10° S.m™). The Arrhenius plot in Figure 3.11 gave
activation energy for LaRhsCups03 of 0.049 eV that is in good agreement with
reported values (0.055 eV) ™ the small difference can be attributed to the different
heating regimes used to prepare the samples. It was found doping with Pb?* and Bi**
resulted in a small increase in the activation energy from 0.049 eV to 0.071 and
0.055 eV respectively. Likewise in Lag75A0.25Rho 7CuUp 303, the activation energy is
slightly increased from 0.040 eV for LaRhg;Cug303to 0.047 and 0.067 eV for the
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Pb and Bi doped oxides, but decreased to 0.035 and 0.033 eV for the Ca and Sr
doped oxides respectively. The last three values were negatively correlated with Ad.
The activation energies of the oxides, in general, are in the range of (0.007 - 0.06 eV)
for Lag7sSrosRhO; and LaRhOsB¥ suggesting the materials are p- type
semiconductors. The increase in the activation energy of the oxides is consistent with

the electronegativity of the A- site cations (increasing the covalency).
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Figure 3.11 The Arrhenius plots of Ln (o) verses inverse temperature for

Lag 75A0.25RNo.7Cug 303 and Lag 75A0.25Ro 5CUo 503 Series.

3.2.5 Summary

The impact of the A- site doping in Lag7sA025RNo7CUp303 and
Lag.75A0.25RNo5CUg 503 has been investigated. Differences in unit cell volumes,
structural distortions and magnetization are attributed mainly to the effect of the
charge delocalization between the Rh and Cu cations. The trivalent cation doped
oxides display higher cell volumes and octahedral distortions but lower magnetic
moments than the divalent cation oxides. In general, the observed changes in the unit
cell volume and the octahedral distortion are consistent with the increase in ionic
radii, whereas the decrease in magnetic moments is correlated with the increase in
electronegativity. One exception is Lag 75Bio25Rhp5Cus0O3 where the contraction in

the unit cell volume is likely related to local ordering effects. The electron
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configuration influences the spin coupling and the band gap. This is most evident in
the Pb®* and Bi** (6s%) doped oxides which exhibited the lowest magnetic moments
and the highest activation energies among the series. Magnetization measurements
show the materials are weakly antiferromagnetic, whereas the electrical
measurements demonstrate that doping with Ca, Sr, Pb and Bi cations decreases the

conductivity of the oxides.

3.3 Results and discussion: La;xAxRhosCup503

A balance between the Rh and Cu redox states was evident from the study of
LaRhosCuosOs ™. Here we sought to further tune the properties by partially
replacing the trivalent La®" cation with divalent and trivalent cations to form oxides
of the type La;xAxRhosCups03. Initial synthetic attempts focussed on the alkaline
earth cations Ca®* and Sr**, however only small amounts of the divalent cations were
incorporated and it was not possible to obtain single phase samples at x > 0.1.
Subsequently we tested the possibility of partially substituting the La** with Pb?* and

Bi**, and single phase samples were apparently obtained for 0 <x < 0.3.

3.3.1 Visual Inspection

All the prepared samples La;«A«RhosCuosO3 were black coloured powders.
SEM measurements (Figure 3.12) demonstrated the La;xAxRhosCupsO3 samples.
La;xBixRhgsCupsO3 showed more crystalline and smaller particles than La;-
«PbxRhosCuUp 503 at x = 0.1 and 0.3. The shape of the particles and the grain boundary
of the two oxides are homogeneous at x = 0.2. In general, the particle size of the
oxides increases as x increased. In order to investigate the composition of the oxides,
EDX measurements were performed. The measured mass ratios of Pb and Bi are

consistent with the targeted compositions.
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Figure 3.12 Scanning Electron Micrograph images for La;.xAxRhy5Cug50s3.

3.3.2 Crystal Structure

The structures for the various oxides were refined from S-XRD data. These
data verified the samples to be highly crystalline and showed that the Laj.
«ARhosCuUy 503 oxides all have an orthorhombic, Pbnm, structure, there being no
evidence for ordering of the Cu and Rh cations. Figure 3.13 illustrates the observed

and calculated synchrotron X-ray diffraction profiles for La; «AxRhosCuos0s.
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Figure 3.13 Observed and calculated synchrotron X-ray diffraction profiles for La;-
XAXRh0,5CU0,503.
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The composition dependence of the unit cell volumes estimated from the
synchrotron diffraction data for the series La; xAxRhosCug 503 is illustrated in Figure
3.14. Doping with divalent metals such as Pb** is expected to result in partial
oxidation of the Rh®* (6 coordinate ionic radius, 0.67 A) to Rh** (0.60 A) * in order
to maintain charge neutrality, which should reduce the cell volume. Despite such
oxidation, the cell volume tends to increase upon doping with Pb as a consequence
of the large ionic size of the Pb?* cation (8 coordinate ionic radius, 1.29 A) 2%,
Doping with trivalent metals such as Bi is expected to have little impact on the
charge delocalization in the system. Likewise since Bi®" has a similar ionic size to
La®* (1.17 A versus 1.16 A) it may be expected that the cell volume will be

essentially independent of Bi content.
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Figure 3.14 Composition dependence of the cell volume for La;.xAxRhosCu503
estimated by Rietveld refinement using synchrotron X-ray diffraction data, where not

obvious the error bars are smaller than the symbols.

As evident from Figure 3.14, the cell volumes do not vary systemically upon
doping. It was not possible to prepare single phase samples with Cu content greater
than 0.5 and we believe part of the variation reflects the proximity to the Cu
solubility limit at the B-site. In general physical properties of the oxides are more

sensitive to the changes in compositions near the solubility limit possibly reflecting
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local scale inhomogenities %, The fluctuations in the cell volumes may also reflect
changes in the oxidation states of the constituent atoms and local ordering. Firstly, as
noted above partial charge transfer involving oxidation of Cu®* must be accompanied

by reduction of Rh*" to give a mixed valent Rh*"**

. The extent of this disorder may
not vary linearly with composition as seen in other perovskite series, such as Sr;.
CexMnO5% and Cay.SriRuosMngsO3 Y. Secondly the observed structure reflects a
balance between the long range Coulomb energy and the short range ionic repulsion
in the lattice and this can be modified by local ordering of the A site cations resulting
in a decrease in the average cell volume. Similar effects have been reported for
La,Sr-s02TiOz 7 and PrgsBagsMn,0s 8. There is now an extensive literature
demonstrating that ordering in mixed valence oxides occurs at specific ratios * and
this may be significant for the Pb x = 0.1 and Bi x = 0.25 samples, where the largest
deviations from Vegards Law are observed.

The effect of disorder in perovskites is well documented. Disorder of the B-
type cations possibly reduces the entropic energy of the compounds increasing the
stability and lowering the volumes. In the solid solutions (1-x) Pb(Mg1/3Nb23)O3 -
(X) Pb(Sc1/2Nb;/2)O3 where x > 0.1, the random distribution of metal cations on the B
sublattice introduces a significant entropic contribution to the free energy of the
random-site structure producing large changes in bulk stability “*\. The thermal
stability of the 1:1 ordered mixed-metal perovskite such as Pb(Sci,Nbi;)O3 is
derived from the valence difference and the difference in the average bond lengths of
the B site cations 1**!. The changes in the cell volumes could also be attributed to the
high covalent character of the ions, with small displacements of the A site cations
enhanced by the covalency. Both Pb*" and Bi®* are stereochemical active cations
with high covalent character and 6s° lone pair electrons 4% “°1,

The structural refinements provide relatively accurate lattice parameters and
atomic coordinates that describe the distortion of the unit cell (D) and BOg octahedra
(Ad). The distortion parameters for the various oxides are summarised in Table 3.4.
The lattice distortion in the Bi oxides generally decreases as the Bi content increases,
whereas the octahedral distortion Ad appears independent of this. Conversely in the
Pb doped oxides D appears to be relatively insensitive to increasing amounts of Pb,
but this results in a small reduction in Ad. The octahedral distortion is noticeably

smaller in the Pb doped oxides, as expected since these contain less JT active Cu**
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cations. In all cases there is appreciable tilting of the corner sharing MOg octahedra
as reflected in the M-O(1)-M and M-O(2)-M bond angles. These are similar to that
seen in LaRhO3 (150.5 and 149.1°) 171,

Table 3.4 Lattice parameter distortion D, octahedral distortion Ad , bond angles M-
O(l)-M and M-O(Z)-M for Lal-XAXRh0_5Cu0_503.

Lal-XBitho_5CU0_503 Lal-XPbXRho_5CU0,503
X

D (%) 4dx10* M(O1LM° M(O2)M ° D (%)  4dx10* M(@OLM° M(O2)M °

0.0 | 115 224 1481(4)° 1525(3)° | 1.15 224 148.1(4)° 1525(3)°
0.05| 110 862 1375(9)° 1525(4)° | 117 274 150.5(3)° 151.6(3)°
0.10 | 111 494 146.0(5)° 1524(4)° | 1.02 521 147.8(5)° 155.2(4)°
0.15| 1.05 714 146.0(5)° 152.6(4)° | 1.02 146 149.3(5)° 150.6(4)°
0.20 | 1.00 557 146.2(6)° 151.4(4)° | 1.16  1.18  148.0(4)° 151.9(4)°

0.25| 091 887 151.2(9)° 1547(4)° | 115 139 151.3(3)° 150.6(12)°
030 | 1.06 1098 149.6(6)° 151.8(4)° | 113 510 151.1(4)° 151.3(4)°

In the above discussion, it was postulated that the Cu and Rh are mixed valent
as a consequence of electron transfer between these. To confirm this, XANES data at
the Rh L-edge were collected for the La;.«PbyCugsRhosOs3 series. It is thought that
the addition of Pb?* will have a greater effect on oxidation states than doping with
Bi**. The normalized Rh L; XANES spectrum for members in the series La;.
PbyCuUosRhos03, and Rh**, LaRhOs, and Rh**, Sr,RhO,, standards are presented in
Figure 3.15. The Rh L-edge absorption spectra originates from dipole allowed
transitions of the Rh 2p core electrons into the unoccupied Rh 4d states in the
conduction band, which consist of the tyy and ey orbitals in octahedral symmetry.
The splitting of the L-edge into L and L, peaks is a consequence of spin-orbit
coupling. The Rh L,-edge spectra were also examined, and these show similar
features to those of the Ls-edge. The normalized Ls-edge spectra of the Rh®* (4d°)
standard LaRhOs, the Rh** (4d°) oxide Sr,RhO, and the various Pb doped oxides all
display sharp peaks near 3005.0 eV. The first derivative of these shows that the
peaks are actually doublets due to transitions into the ty and eg states. The spectra of
LaRhOj3 contains a single peak since the tyq orbitals are filled so that only transitions

from the 2p, core levels to the eg states are possible 2!,
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Figure 3.15 Normalised Rh Ls-edge XANES spectra for members in the series
LayPbCugsRhgs0s, Rh®* (LaRhO3) and Rh*" (Sr,RhO,) standards.  The
corresponding fit for LaCuosRhos03 and the individual components Rh®* and Rh**

are presented on the right hand side. The data have been offset vertically for clarity.

The Ls-edge XANES spectra of the various La;.xPbyRhgsCugs03 samples were
fitted with a linear combination of the two standards (LaRhO3 and Sr,RhQ,) over the
energy range of 2970- 3050 eV. The quantitative analysis was performed using a
least-squares refinement program (Athena) within the IFEFFIT software package 1
% The Rh Ls- edge XANES spectrum of LaRhgsCuys0s3 is very similar to that
found previously ™ and is indicative of charge delocalization between the Cu and
Rh cations. The Rh has average valence around 3.5 with the fitting giving 52.8 %
Rh* and 48.2 % Rh*". This suggests partial charge transfer involving Rh** to Rh**
and Cu®* has occurred. Unexpectedly, and as illustrated in the Table 3.5, increasing
the amount of Pb present in La;xPbsRhysCugsO3 reduces the average Rh oxidation
states. This requires either formation of oxygen vacancies or more facile oxidation of
the Cu®" ions in order to maintain the overall charge balance. It is not believed that
oxidation of the Pb?" at the A-type sites will occur. Since the neutron diffraction
measurements of the x = 0.25 sample provided no evidence for oxygen vacancies
(Section 3.2.2), partial oxidation of the Cu?* is the most likely mechanism of charge
balance. That more Cu®" is present in the Pb rich oxides accounts for the reduction in
the octahedral distortion and the general trends in cell volume. Note that the effective
oxidation state does not vary linearly with composition, and this is expected to

impact on the cell volumes.
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Table 3.5 The Rh*, Rh*" and the average Rh oxidation states (Qa) in La.
«PbxRhosCup503. The activation energies (eV) calculated from Arrhenius plot for

both Pb and Bi doped oxides are also given.

X 0.00 0.05 0.10 0.15 0.20 0.25 0.30

% Rh** 5280 5895 554 5990 57.02 56.83 60.93
% Rh** 48.20 41.05 456 4010 4298 43.17 39.07
Qav 3.51 341 3.48 3.40 3.36 3.37 3.06

Epp (V) | 0.049 0.040 0.043 0.055 0.040 0.066 0.040
Egi(eV) | 0.049 0.054 0.053 0.046 0.063 0.054 0.051

3.3.3 Magnetization

The magnetization curves of the two series La;xBixCugsRhpsO3 and Laj-
«PbxCuosRho 503 are shown in Figure 3.16. The magnetic susceptibilities do not
show a defined maximum, and the inverse susceptibilities of all the oxides display
Curie—Weiss type behaviour without anomalies. This suggests that no long range
magnetic ordering occurs. Below 100 K there is a slight deviation from Curie-Weiss
behavior as a result of crystal-field effects !, and only data above this temperature

was used in the Curie-Weiss fitting.
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Figure 3.16 The temperature dependence of the inverse susceptibility for Laj-
«BixCUpsRhp503 and La;«PbyCuosRhps03 recorded under zero field cooling

conditions with an applied field of 5 kOe at temperatures between 5 and 300 K.
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The magnetic susceptibilities of La;xBixCusRhps03 and La;xPbyCupsRhp503
are sensitive to doping. For the two series, the magnetic susceptibilities (x) have the
lowest value at x = 0.2 and have the highest value at x = 0.1. The magnetic
susceptibilities for La;.«xPbxCugsRhos0O3 are approximately two times higher than
those for La;,BixCuosRhos0s, indicating that doping with Pb?* influences the
electron configuration of the transition metals presumably via oxidation of Cu?*. The
best linear fits to the inverse magnetization curves showed that the effective
magnetic moments (M) for both the Bi and Pb doped oxides are negatively
correlated with Weiss constants (©). That means Bi and Pb substitutions enhances

antiferromagnetic coupling.

Table 3.6 Curie constant C (emu. mole’), Weiss constants © (K), magnetic
susceptibly coefficient factor y, (10 emu. mole’) and effective magnetic moment
Meft (|J.B) for La]_.XAXCUo_5Rh0_5O3.

La;-xBixRhpsCug 503 La;-xPbxRhosCup 503
’ O Yo C Mett | O Yo C Mef
0.0 | -235 7.337 4.057 1.17 | -23.5 7.337 4.057 1.17
0.1 | -29.8 5.433 4.820 1.13 | -425 4.177 6.716 1.12
0.2 9.6 -5.378 -0.494 0.64 | -25.8 4.409 2.943 0.95
025] -6.0 10.965 0.388 0.72 | -24.4 3.550 2.108 0.83
0.3 -5.2 14.626 0.398 0.78 | -27.6 4.693 3.576 1.02

As summarized in Table 3.6, the effective magnetic moments for the
Lag gPbo1Rhps5CuUp503 (1.12 pg) and LaggBip1RhosCuos03 (1.13 ug) are similar to
that for LaRhysCups03 (1.17 ug), indicating that doping by Pb or Bi at x = 0.1, has
no obvious impact on the electron configuration of the transition metals. This is
consistent with the near constant average Rh oxidation state seen in the XANES
studies. When x > 0.1, the oxides show magnetic moments approximately 50 %
lower than LaRhgsCug 503, suggesting spin coupling may occur as a consequence of
the 6s® lone pair electrons. With the exception Lag gBip2Rhos5Cuos03 where © = + 9.6
K, the Weiss constant exhibited negative values, lower than seen in the weak
paramagnetic oxide LaRhO;z (-2.74 K, 0.295 pg) ®7, indicating the materials are

weakly antiferromagnetic 8.
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3.3.4 Electrical conductivity

Electrical conductivity measurements show that A- site doping, by either
divalent or trivalent metals, lowers the conductivity. This indicates that there is an
increase in the band gap presumably as a result of the interaction between the
valence shell of the A site cations and the 3d and 4d orbitals of the B site cations. The
electrical conductivity for LaRhysCugsO3 (o = 4.35 x 10° S.m™) is ~5 to 10 times
higher than that estimated for the Pb and Bi doped oxides at 300K. The activation
energy for LaRhg 5Cug 503, estimated from the Arrhenius plot in Figure 3.17, is 0.049
eV. Doping with Bi** generally results in a small increase in the activation energy
whereas the Pb doping decreases this. There is, however, considerable scatter in the
data (see Table 3.5) presumably reflecting grain boundary effects and other sample

inhomogeneities. These variations preclude more detailed discussion of these results.
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Figure 3.17 The Arrhenius plots of In (o) verses inverse temperature for La;-
XBiXRh0_5CU0.503 and Lal_XPbXRho,5CUo,503 series.

3.3.5 Summary

Doping at the A site in the mixed metal perovskites La;-xAxRhosCugsO3 (A =
Pb**, Bi*" influences the magnetic and electronic properties of these compounds.
Diffraction measurements show no evidence for either cation ordering or the
formation of anion vacancies. Nevertheless, changing the A-site composition resulted
in anomalous changes in the cell volumes, octahedral distortions, electrical resistivity
and magnetic susceptibility of these complex perovskites. Rh Lz XANES
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measurements suggest this is a consequence of charge delocalisation between the Rh
and Cu cations. Short-range local ordering effects are also believed to be important.
The majority of the samples are non-metallic and display, very weak,

antiferromagnetic coupling.
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Chapter 4: Structural and Physical Properties of LaRh;.,xCuxBxO3

Structural, Electrical and Magnetic Studies of the B Site Doped
Oxides LaRh;_,,Cu,B,0; (B = Sc**, Cu?** and Zn*")

4.1 Introduction

The 3d-4d mixed metal perovskites of composition LaRh;BxO3 have recently
received great attention owing to the coexistence of ferromagnetic, thermoelectric
and semiconducting properties 4. The study of B site doping has been of interest,
since the number of d-electrons is critical in determining the electronic and magnetic
properties of these oxides 4. For instance, the polycrystalline compounds LaMn;.
«Rh,O3 are ferromagnetic in the region 0.1 < x < 0.9, but the substitution of Rh*"
(4d°) for Mn** (3d*) suppresses the ferromagnetism, which consequently reduces the
Curie temperature 1 The solid solutions LaRh;,Co,03 and LaRh;4Ni,O3 exhibit
high Seebeck coefficients and low electrical resistivity indicating the materials are
thermoelectric (7). This thermoelectric behavior is mainly attributed to the high-
temperature stability of the low-spin state of the Rh**/Rh** ions 8. In the rare earth
oxide LaRhgsCugs03 (the targeted material of the study), there is extensive electron
delocalization between the Rh and Cu. This delocalisation increases the formal
valency of the Cu to close to 2.5, which reduces the impact of the Jahn-Teller

distortion 0,

4.1.1 Aims and Objectives

Since a balance between the Rh and Cu redox states was evident in the study
of LaRhsCuosOs ! and the work described in Chapter 3, we sought to further tune
the properties of this oxide by replacing the (4s°3d°) Cu?* cations with (4s° 3d%) Sc**
and (4s°3d™®) zn** cations in the two series; LaRhiCu,ScOs and LaRhi.
»CUZn,Os3. Both the effective charges of the Sc** and Zn®* ions and the strong
overlap of the unfilled and filled 3d orbitals with the sp? oxygen orbitals ™ are
expected to impact on the formal valency of Rh ions leading to changes in the
magnetic and electronic properties of the perovskites. Sc** and zZn®** are both
diamagnetic and have ionic sizes similar to that of Cu** 2. The oxides compositions
are limited to 0 < x < 0.25 due to the solubility limit of Cu. It was not possible to

prepare single phase samples with x > 0.25. The change in the formal oxidation
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states of Rh and Cu can effectively be controlled by doping Sc** and Zn** into the
structure.

This chapter also examines the effects of the B-site doping on the structural,
electrical and magnetic properties of LaRh;.oxCuxBxO3 and Lag 75A0.25RN1-2xCuxBxO3
where B = Sc**, Cu®* and Zn**; A = Pb*" and Bi**. The series were targeted due to
the lack of research on Rh-Cu perovskites. One of the aims was to understand the

factors influence electron transfer in the system.

4.1.2 Methodology

The samples were prepared from stoichiometric mixtures of La,O3 (Aldrich >
99.9%), Sc,03, Bi,03, PbO (Aldrich > 99.99%), CuO, ZnO (Merck, > 99%), and Rh
(Althaca 99.95%). Except for the LaRh;.,CuxOj3 series, which were prepared in an
atmosphere of pure oxygen, all samples were synthesized in the air by conventional
solid state methods. The preparation began with mixing and grinding the raw
materials, and then heating these in several steps, before every step the materials
were reground. The materials were heated at 800 °C for 12 h followed by 950 “C for
24 h, 1000 C for 48 h, 1050 ‘C for 48 h, and 1100 ‘C for 48 h. In some cases, the
temperature was increased at 1250 ‘C to obtain a pure structure. Neutron powder
diffraction data were measured at 4 and 293 K using the high resolution powder
diffractometer, Echidna *®, at the OPAL facility (Australian Nuclear Science and
Technology Organization) at a wavelength of 2.4395 A. For these measurements the
sample was contained in a cylindrical vanadium can. Synchrotron X-ray powder
diffraction data were collected over the angular range 5 < 26 < 85°, using X-rays of
wavelength 0.82554 A on the powder diffractometer at the Australian Synchrotron
[ For these measurements the sample was housed in a 0.3 mm diameter capillary.
The structures were refined using the program RIETICA ™. The peak shapes were
modelled using a pseudo Voigt function.

The magnetic measurements were carried out using a Quantum Design, PPMS.
The temperature dependence of the magnetic susceptibilities was measured under
both zero-field cooled (ZFC) and field cooled (FC) conditions in an applied field of 5
kOe over the temperature range 4-300 K. The temperature dependence of the
resistivity was measured using a DC four probe technique with the same
measurement system. The sintered samples were cut into pieces of approximately

3x5 mm. Four contacts were painted onto the samples using silver paste. The
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microstructure of the powder samples was examined by scanning electron
microscopy (SEM) using a Intellection Quemscan.

Rh Ls,- edge X-ray absorption spectra were recorded, from powder samples
dispersed on Kapton tape, in fluorescence mode on beam line BL-16A1 at the
National Synchrotron Radiation Research Centre (NSRRC) in Hsinchu, Taiwan
using a Lytle detector %, Energy steps as small as 0.2 eV were employed near the
absorption edges with a counting time of 2 s per step. The spectra were normalized
to the incident photon current. The energy scale of the Rh L3,- edge spectra was
calibrated using the L,- edge of a Mo foil. LaRhO3 and Sr,RhO4 were used as the

Rh*" and Rh** standards respectively.

4.2 Results and discussion: LaRh1»,Cuy,ByO3
New members of LaRh;.,CuxScyO3, LaRh;.o«Cu2O3 and LaRh;.»CuxZnO3 (0
> x < 0.25) series were successfully prepared, and their crystallographic, magnetic,

and electric properties investigated.

4.2.1 Visual Inspection.

The heating regime described above produced crystalline, black coloured,
samples. After heating to 950 ‘C, the colour of samples turns from wine to black for
the Sc doped oxides, and from brown to black for the Cu doped oxides whereas in
Zn doped oxides, the colour changes from gray to black. This suggests that the three
oxides compositions have taken different initial steps in the reaction leading to a

variation in oxidation states of the d metal ions. The appearance of black colour as

the temperature increases is an indication of completion of the reaction.

Figure 4.1 Scanning Electron Micrograph images for LaRhgsCug255€Co250s3,
LaRho,5CUo,503 and LaRh0,5Cu0,25Zno,2503.
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SEM measurements (Figure 4.1) demonstrated the samples to be well sintered
and free of any obvious impurities. The differences in the particles size and their
shape are consistent with differences in compositions. Doping with Sc* results in
well sintered rectangular shaped samples with small particle size whereas doping
with Cu or Zn forms well crystalline samples with large particles. The Zn doped
samples are more crystalline than the corresponding Cu doped oxides. Increasing x
leads to no obvious change in the shape of the particles, but results in larger grain
boundaries. Figure 4.2 exhibits the increase in particle size as x increases. EDX
measurements showed the determined mass ratios of Sc and Zn with Cu are

consistent with the targeted compositions.

TS ] "N
TR,

£=0.1 R

Figure 4.2 Scanning Electron Micrograph images for LaRh;CusScsOs, LaRh;.
2xCU2O3 and LaRh;.5,CuyZnO3 where x = 0.1 and 0.15.

4.2.2 Crystal Structure

Diffraction measurements illustrate that the LaRh;.,CuxBxO3 compounds are
orthorhombic with space group Pbnm. In this structure, the Rh and Cu ions are at (0,
0, 0). The maximum value of x which allows a pure single phase of orthorhombic
structure to be obtained is 0.25. The orthorhombic structure was initially identified

by conventional powder XRD and then confirmed by synchrotron-XRD. Figure 4.3
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illustrates the Rietveld refinement profiles for LaRhgsCug25Zng2503. The refined
lattice parameters a = 5.56043 (7), b = 5.66937 (8), and ¢ = 7.88330 (9) A; R, = 6.13
% Ryp = 8.84 %, x? = 24.29.
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Figure 4.3 Synchrotron X-ray diffraction profiles for LaRhsCug 25Zng 2503. The data
are represented by the crosses and the solid lines are the calculated and difference
profiles. The allowed reflections of the space group are shown by the vertical
markers immediately below the observed profile. A representation of the

LaRhgsCug 25ZNng 2503 structure is included.

Structural refinements from the synchrotron diffraction data provided precise
lattice parameters, however the presence of the very heavy La cation limited the
accuracy of the refined structures. Consequently neutron diffraction data were also
collected for LaRhgsCup 25202503 and these results are summarised in Table 4.1.
Neutron diffraction data were collected at 4 and 293 K to investigative the possibility
of magnetic ordering. From the structural refinements, we found no evidence for any
anion vacancies, and subsequently it is assumed such vacancies were absent in the
LaRh;.,«CuyBxO3 series. It is thought that oxygen vacancies are less likely to occur in

samples with lower contents of the divalent cations in LaRhg sCug 25Zng 2503.
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Table 4.1 Results of the structural refinements for LaRhgsCup25Zng 2503 using

neutron powder diffraction data. The B site cations are at (0, 0, 0).

Structural parameters 4K 293K

a (A) 5.5535(4) 5.5707(3)
b (A) 5.6647(4) 5.6639(4)
c (A 7.8693(6) 7.8936(4)
V (A% 247.56(3) 249.08(2)
La x 0.4891(9) 0.4907(8)
La y -0.0502(6) -0.0468(5)
Laz 1/4 1/4

La Bis, (A 0.54(11) 0.99(11)
B/Rh Bis, (A?) 1.37(13) 1.73(12)
01 x 0.5878(12)  0.5873(11)
Oly 0.5226(9) 0.5224(9)
01 z 1/4 1/4
01 Bis (A% 1.20(12) 1.64(12)
02 x 0.2960(7) 0.2968(6)
02y 0.2026(6) 0.2026(6)
02 z 0.0451(5) 0.0449(5)
02 Big (A% 1.17(11) 1.56(10)
M-(01)-M (°) 151.24(35)  151.42(34)
M-(02)-M (°) 150.99(20)  150.91(19)
B/ Rh-01 (A) 2.0309(1) 2.0364(1)
B/ Rh-02 (A) 2.0360(1) 2.0434(1)
B/ Rh-02 (A) 2.0610(1) 2.0603(1)
B/ Rh-O(av) (A) 2.0426 2.0467
Rp (profile) (%) 8.99 8.36
Rup(weighted profile) (%) 11.92 11.11
¥ 3.96 3.54
Tilt angle (°)

w (in phase) 10.6 10.7

¢ (out of phase) 14.3 14.3
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From the neutron diffraction studies, Ad was estimated to be 7.35 x 107 for
LaRhosCUo.25ZNo2503. This is higher than that seen in LaRhO3 (Ad = 2.5 x 107°) 7]
but lower than for LaRhesCuosOs (Ad = 11 x 10°) . Cu?* cations are susceptible
to a Jahn-Teller type distortion where the degeneracy of the six M-O bond lengths is
removed, resulting in a distortion of the MOs octahedra 8. Cooling the samples to
4K did not result in noticeable changes in the neutron profiles indicative of long
range magnetic ordering. No systematic change in M-O(1)-M and M-O(2)-M angles
was observed, these being (151.4(4)° and 151.0(2)°) in LaRhgsCug25Zng 2503. These
angles are similar to those found for LaRhO3, 150.5° and 149.1° 171,

The angles of the in-phase () and anti-phase (¢) oxygen octahedra rotations in
LaRhg 5Cug 25Zn0.2503 were calculated from the refined atomic coordinates using the

formulae given in the literature ™. The displacements of the O(2) oxygen atoms

1

from (i, " 0) to (i —u, i+ v, w) of LaRhgsCug25Zng 2503 are found to be almost

identical (u = v = 0.047), suggesting rigidity of the octahedral tilts “%. The
variations in the octahedral tilt angles v and ¢ were small (less than 0.1°) and
essentially temperature independent over the range 4-293 K. In perovskites, the tilt
angles of the BOg octahedra are related in the inverse ratio of the B-O bond lengths
(99 Thus the change in tilt angles is governed by change in the B-O bond lengths.
The B-O*(2) bond length in LaRhosCug25Zno 2503 is found to be temperature
independent (see Table 4.1). This is in agreement with the reported structural studies
of CaRuO3 and CaRug gsCr 1503 in which the octahedral tilts of these oxides are very
rigid and do not vary significantly upon heating to 1300 "C 2! similar results were
reported for the temperature evolution of the crystal structures in the LaMgo5Tio 503
(221 and  LaZngsTios0s 2% where the variations of the metal oxygen distances in the
BOg octahedra and the octahedral tilt angles were both temperature independent. The
thermal stability of the LaRhgsCug25Znp2503 structure was examined by XRD
between 30 and 900 ‘C. The perovskite oxides show high stability across the
temperature range. The temperature dependence of the lattice parameters for

LaRhg5Cug.25ZN0.2503 is illustrated in Figure 4.4.
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Figure 4.5 Composition dependence of the cell volume for LaRh;xCuxBxO3
estimated by Rietveld refinement using synchrotron X-ray diffraction data. Where
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The composition dependence of the unit cell volumes estimated from the
synchrotron diffraction data for the LaRhg 5Cug 25B0.2503 series is illustrated in Figure
4.5. Doping with either Sc or Zn initially results in an increase in the cell volume.
This is consistent with the relative sizes of the cations; Sc** (6-coordinate ionic
radius, 0.745 A) 2 zn?* (0.74 A) " and cu?(0.73 A) % are considerably larger
than Rh*" (0.665 A) M2 This neglects the impact of electron transfer between the
ions, and the possibility of partial oxidation of the Rh*" to Rh** (0.60 A) *% and Cu®*
to Cu®* (0.54 A) *?! must also be considered because such oxidation is required to
maintain charge neutrality. The decrease in the ionic radii of the B site cations with
increasing X is believed to drive the observed reduction in cell volumes of the Cu and
Zn doped samples. Doping with trivalent metals, such as Sc, is expected to have little
impact on the charge delocalization in the system. As mentioned previously, the
presence of Cu introduces the possibility of a partial charge transfer involving Rh**
to Rh** and Cu®* to Cu® 1), Neither Zn nor Sc have alternate oxidation states. The Sc
doped oxides have larger cell volumes than their Zn analogues at high doping levels
and much larger volumes than the Cu doped oxides at all doping levels. The
similarity in the cell volumes for LaRh; »CusScsO3 and LaRh;oCuyZn,O3 at x =
0.05 suggests that the oxidation states of Cu in these is 2+ whereas the decrease in
cell volume for LaRhg gCug1S¢o103 suggests that the formal valency of Cu must be
higher than 2+. Equations 4.1, 4.2 and 4.3 describe the expected ionic volumes (T,)
for the LaRh;»Cu,ScO3, LaRh;»CuxO3; and LaRh;oCuyZn,O3 series at room

temperature.
T, = al(V(La3+) +(1- 3n)V(Rh3+) + nVigprty + 0V gzt y + nV(ge3+y + 3 Vg2 4.1
T, = OIZ(V(La3+) +(1- 4n)V(Rh3+) + 2nVigprty + 20V yzt ) + 3 V(g2-) 4.2

T, = 0!3(V(La3+) +(1- 4n)V(Rh3+) + MV(gprty + MV (gpaty + 0V (cyzty + nV(gp2ey + 3 Vg2 4.3

Where V; is the ionic sphere volume given by V; = gm‘i?’ 24T and 7, is the ionic

radius of each ion, n is the number of mole of Sc, Cu and Zn ions, x and z are the
average valence states of Rh and Cu ions (3.5+, 2.5+) respectively, a,, a,and a5 are
the multiplicity factors that are defined as the observed unit cell volume of the oxides

divided by the sum of V; per formula. These are estimated to be around 6.

111



Chapter 4: Structural and Physical Properties of LaRh;.,xCuxBxO3

The ionic volume (T,) is a function of the ionic sphere volumes (V;) and the
number of moles (n) of each ion in a given composition. This describes the change
in the unit cell volume as the formal oxidation of the constituent ions changes. When
x moles of Cu and Zn ions doped into the system, an equivalent number of moles of
Rh* ions will be oxidized either partially or totally to Rh** causing a decrease in the
total number of moles of Rh*". The oxidation states of the Rh ions are estimated to
be on average 3.5+ (0.632A) per mole unit of Cu ions, 3+ per mole unit of Sc** and
4+ per mole unit of Zn?*. The average valency for Cu ions is considered to be 2.5+
with an effective ionic radius of the 0.635A otherwise the cell volume for Cu and Zn
doped oxides should increase at all doping levels. Assuming the multiplicity factor
a is constant for each series, we found the correlation factors (r) between the
experimental data and the calculated cell volumes from the equation for Sc, Cu and
Zn doping to be 0.947, 0.979 and 0.945 respectively, indicating a strong correlation.
T, for the LaRhg ¢Cug05SC0.0s03 and LaRhg ¢Cug 05200503 was calculated using the
ionic radii for Rh®" and Cu".

To establish the valence states of the constituent cations XANES data were
collected for the LaRh;.,xCupO3 series. XANES spectra are commonly used as a
direct probe of the formal valency, spin state and coordination environment of the
transition metal cations >?®!, The normalized Rh Ly XANES spectra for members in
the series LaRhy.»CuOs, and Rh®*" (LaRhOs) and Rh*" (Sr,RhO,) standards are
presented in Figure 4.6. The first derivative for the Rh*" standard Sr,RhO, and the
various Cu doped oxides show the peaks are doublets corresponding to transitions
from the tpq and ey states. The spectra for LaRhO3; contains a single peak since the tyg
orbitals are completely filled and only transitions from the 2pz, core levels to the ey
states are possible *”). The Rh Ls- edge XANES spectrum at x = 0.25 is similar to
that seen in the literature ™ and is indicative of the coexistence of charge
delocalization between the Cu and Rh cations. This is confirmed by quantitative
analysis using least-squares refinement 8. The Ls-edge XANES spectra from
LaRh;-»xCuxO3 was fitted with a linear combination of the two standards, LaRhO;
and Sro,RhO,4 over the energy range 2970 - 3050 eV. The Rh has average valence
around 3.5 with a combination of mass ratios 52.8 % for Rh®*" and 48.2 % for Rh**
ions. As illustrated in the table 4.2, increasing x in LaRh;.,,Cu,,Og3 results in average

Rh oxidation states higher than 3+, indicating charge delocalization between the Cu
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and Rh ions occurs. The absence of anion vacancies in the structure was evident
from the neutron diffraction study of LaRhgsCug25Zng2503 where the content of the
doped divalent cations is similar to that in LaRhgsCus03 oxides. The similarity in
the average Rh oxidation states for LaRhg;Cug303; and LaRhyCup4O3 can be
attributed to the preparation conditions. The LaRh;Cu,O3 perovskites were
synthesized under an atmosphere of pure oxygen and were, possibly, oxidized
efficiently due to small differences in the surface morphologies. The decrease in the

Rh*" content was found to be positively correlated with the decrease in the cell

volumes.
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Figure 4.6 Normalized Rh L3-edge XANES spectra for members in the series LaRh;.
ClUx,Os, Rh** (LaRhO3) and Rh** (Sr,RhO,) standards. The corresponding fit for
LaRhos Cug 503 and the individual components Rh** and Rh** are also presented on

the right hand side. The data have been offset vertically for clarity.

Table 4.2 The Rh*, Rh*" and the average Rh oxidation states (Qa) in LaRhi.
2xCupO3 estimated from XANES data.

X 0.05 0.10 0.15 0.20 0.25
% Rh%* 91.2 86.2 64.0 68.1 52.8
% Rh** 8.8 13.8 36.0 31.9 48.2

n.molesof Rh®* | 0.821 0.690 0.448  0.409 0.264
n.molesof Rh** | 0.079 0110 0252 0.191 0.236
Qav 3.09 3.14 3.36 3.32 3.51
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The external structural distortion D and the internal structural distortion Ad for
LaRh;.2,CuyxB4Os series are summrised in Table 4.3. The addition of Zn** into the B
site results in smaller octahedral distortions compared to the substitution by Sc**.
The distortions of the octahedra are in part due to the Jahn-Teller effect of the Cu®*
ions. The octahedral distortions for the Zn doped oxides were decreased, possibly
due to the oxidation of Cu®* to Cu®*. As Zn?* is added to the system, an equivalent
quantity of Rh® is expected to be oxidized to Rh*". Consequently, the charge
balance between Rh*"* and Cu®"®*" will shift toward Rh**/Cu®" resulting in a
smaller distortion. LaRh;.oxCu,O3 shows a higher octahedral distortion than LaRh;.
2xCuxZnyO3 due to the higher Cu content. The LaRh;.,xCusScO3 oxides have the most
symmetrical arrangement (lowest D value), whereas LaRh;.,,Cu,O3 oxides have the
most distorted lattice among the three series. That is consistent with increases in the
cell volumes and suggests, again, the importance of the charge delocalization.
Distortion of the lattice parameters in Jahn-Teller systems is commonly attributed to
strain effects due to Jahn-Teller distortions, octahedral tilting, and disorder °*%. The
M-O(1)-M and M-O(2)-M bond angles (Table 4.4), as obtained from the structural
refinements, reflect the octahedral tilting. The bond angles are somewhat smaller in
LaRh;-»Cu,ScO3 and LaRh;.o«Cu2O3 than in LaRh;.oxCuxZn,O3 which shows the
lowest bond angle anisotropy. There is no obvious correlation between the bond

angles and Cu content.

Table 4.3 Lattice parameter distortion D and octahedral distortion Ad for LaRh;.
ZXCUXBx03

LaRh1.o,CuySc,O3 LaRh1.5,CuxO3 LaRh1.5,CuyZn,O3

" D(%) Adx10” | D (%) 4dx10* | D (%) Adx10™
0.05 1.08 5.56 1.22 0.73 1.12 0.73
0.10 1.09 16.73 1.26 1.14 0.94 1.41
0.15 0.90 13.93 1.19 5. 33 1.00 1.32
0.20 0.77 20.31 0.81 2.01 0.78 1.31
0.25 0.55 0.63 1.15 2.27 0.81 0.73
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Table 4.4 Bond angles M-O(1)-M and M-O(2)-M for LaRh;.2CuxBxOs.

LaRhl-szUXSCXO:g LaRhl-ZXCu2X03 LaRhl-ZXCuXZnX03
MOLM®  M@O2MO° | MOLM® M@O2M®° | M(OLM® M(O2)M ©

0.05 | 147.99 (64) 148.80 (31) | 150.08(29) 149.73(21) | 152.50(47) 151.39(29)
0.10 | 145.99 (53) 150.06 (29) | 147.39(30) 150.37(22) | 149.22(67) 149.12(29)
0.15 | 149.39 (41) 150.45 (23) | 145.34(54) 150.40 (28) | 150.17(70) 150.11(31)
0.20 | 146.91 (46) 151.03 (24) | 148.93(91) 146.86(26) | 150.63(72) 150.29(26)
0.25 | 150.66 (31) 152.32 (17) | 148.08(38) 152.54 (24) | 151.36(34) 150.95(19)

4.2.3 Magnetization

The inverse susceptibility plots for the LaRh;.xCusScyOs; and LaRh;-
»CuxZn,O3 series are illustrated in Figure 4.7. In both series, the susceptibility
increases as the Cu content increases. Doping with Zn resulted in higher magnetic
susceptibilities than doping with Sc. The increase in the magnetic susceptibility is
mainly attributed to the increase in Rh** (4d°) content. The deviation from simple
Curie-Weiss type behaviour at low temperature for the Zn doped oxides suggests
there are weak antiferromagnetic interactions. The noisy data for
LaRhgoCup05SCo 0503 at high temperature reflects the sensitivity limits of the

instrument at lower susceptibility values.
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Figure 4.7 The temperature dependence of the inverse susceptibility for LaRh;.
2xCUxScxO3 and LaRh;,CuxZn,O3 recorded under zero field cooling conditions with

an applied field of 5 kOe.
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Hysteresis loop measurements, as illustrated in Figure 4.8, showed the absence
of any long range magnetic ordering, also evident from the neutron diffraction
measurements. The plot of the magnetization against the applied field displays no
hysteresis loop at range of +90 kOe. Neutron diffraction profiles for
LaRhg5Cug 252N 2503 show no systematic change in the M-O(1)-M and M-O(2)-M
bond angles at 4 and 293 K. There were no additional peaks in ND patterns

demonstrating the absence of long range magnetic ordering.
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Figure 4.8 Portion of the ND profiles for LaRhsCug25Znp2503 at 4 and 293K.

Magnetization hysteresis loops for LaRh;.,xCuxZn,O3 at 5K are also illustrated.

Figure 4.9 illustrates the temperature dependence of the magnetic
susceptibilities for LaRhgsCug 252N 2503 and LaRhgsCug 255Co2503 under ZFC and
FC cooling conditions in the temperature range 4-300K. The absence of divergence
between the ZFC and FC magnetic susceptibilities and magnetic hysteresis in the
magnetization-magnetic field curves indicates that these compounds remain
paramagnetic to 4 K. A fit of the inverse magnetization curves allows the effective
magnetic moments (Hesr) and Weiss constants (©) to be estimated. As summarized in
Table 4.5, the Zn doped oxides have higher effective magnetic moments and lower
negative Weiss temperature than the Sc doped oxides. For instance,
LaRhg5Cug25ZNn02503 has the highest effective magnetic moment (1.91 pg) and
lowest negative Weiss temperature (-131.09 K), whereas LaRhg5Cug 25SCo 2503 has a
lower effective magnetic moment (0.93 pg) and higher Weiss temperature (-14.6 K).
These values are intermediate between those of the weak paramagnetic oxide

LaRhO; (-2.74 K, 0.295 pg ) BY and the antiferromagnetic mixed valence oxide
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Eu¥2*Rh*** 05 (-297 K, 4.717 pg) BY and suggests the materials may be weakly

antiferromagnetic 2%,

The positive Weiss constants (+24.9 and +9.1) for
LaRhg.9Cup.05S€0,0503 and LaRhggCug1Sco 103 indicate that the materials are weakly
ferromagnetic at lower Cu contents. The effective magnetic moments for LaRh;.
»xCU,Zn,O3 are higher than predicted for a mixture of Rh*" (4d®) and Cu*" (3d°)

suggesting Cu®* (3d®) ions may be important.
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Figure 4.9 The temperature dependence of the molar magnetic susceptibility for
LaRhgsCug 25ZNn0 2503 and LaRhgsCug255C02503 recorded under zero field cooling
and zero cooling conditions with an applied field of 5 kOe. The inserts are from the
low temperature data and demonstrate the lack of any apparent difference between
the ZFC and FC curves.

Table 4.5 Curie constant C, Weiss constant ©, magnetic susceptibly coefficient

factor yo, and effective magnetic moment pless for LaRh;.24CuyBOs.

LaRh1_2XCUXSCXO3 LaRhl_ZxcuXanoS

X o Xo C Meff S Xo C Meff
(K) (10%) (emu.mole) (Ug) (K) (10®) (emu. mole)  (Ug)

0.05 | +248 -0.731 -0450 038 | -11.1 5.759 0.713 0.71
0.1 | +91 -5.785 -0485 065 | -91 7.811 0.652 0.75
015 | -1.1 54.110 0.077 0.72 | -285 4.762 3.862 1.04
0.2 | -109 9.338 1.120 090 | -99.3 3.193 31.456 1.59
025 | -146 7.412 1.596 093 | -131.1 3.495 60.077 191

117



Chapter 4: Structural and Physical Properties of LaRh;.,xCuxBxO3

The temperature dependence of the inverse susceptibility (Figure 4.10) shows
that the magnetization increases as the Cu content increases. The
LaRh7Cup15Bo1503 oxide exhibits higher magnetic susceptibility than
LaRhg 5Cug 25B0.2503. The magnetization was also found to be strongly dependent on
the Rh** (4d°) content. LaRho7Cug 303 (1.11 pg) has a higher magnetic moment than
LaRhg 7Cup.155€0.1503 (0.72 pg) and LaRhg7Cug15ZNn1503 (1.04 pg) whereas the
magnetic moment for LaRhosCuosO3 (1.17 pg) is intermediate between those for
LaRhy5Cup255€02503 (0.93 W) and LaRhgsCug25ZNn02503 (1.91 pg). This reflects
that LaRho7Cug 303 has higher Rh** content than LaRhgsCuosOs. The XANES data
(Table 3.2) demonstrate the Rh*" content decreases from 0.252 moles per formula
unit for LaRh7Cu303 to 0.236 moles per formula unit for LaRhysCuys03 as a
consequence of the gradual increase in the formal valency of the Cu. The addition of
the diamagnetic cations Sc** (3d%) and zn* (3d') into the LaRhy.;xCuyBxOs
perovskites system does not directly impact on the magnetization. However, the
oxidation of Rh* to Rh*" due to the addition of Cu and Zn should result in an
increase in the magnetic susceptibility.

7000 7000
a) LaRhO,

a) LaRhO,

)
) LaRh_Cu_O

¢ 05770573
%%01d) LaRh_.Cu_.Zn O

0577025 02573

6000 6000 4

)
c) LaRh0_7CuD . SZnD_ 15O3
500044)) LaRh, .Cu .0,

4000

.
o
=3
S
L

30004

1/y (emu™.mole)

2000

1/y (emu™.mole)
N2
g 8

1000+ 10004

e P o —
0 50 100 150 200 =0 300 0 50 100 150 200 250 300

Figure 4.10 The temperature dependence of the inverse susceptibility for
LaRhg 7Cuo15B0.1503 and LaRhgsCug25Bo2503 recorded under zero field cooling

conditions with an applied field of 5 kOe.

4.2.4 Electrical conductivity

Electrical conductivity measurements show that doping with Cu increases the
conductivity of the oxides, suggesting an increase in carrier mobility occurs as a
result of oxidation of Rh** (3d°) to Rh** (3d°) which generates holes in the band gap.
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This was evident from the electrical conductivity for LaRhosCugs0s (4.35 x 10°
S.m™) which is 10 times higher than for LaRhosCuUg 25202503 (0.476 x 10° S.m™)
and LaRhsCuo2sSCo2s05 (0.395 x 10° S.m™) at 300K. Also o3k for
LaRho.7Cuo30;5 (17.24 x 10° S.m™) was higher than for LaRhg7Cug.15Zng.150s (2.34
x 10® S.m™) and LaRhg;Cug15SC01503 (0.426 x 10° S.m™) at 300K. The electrical
conductivity for LaRhg7Cug 303 is higher than that of LaRhgsCugsO3 reflecting the
high Rh** content in the former oxides (see Table 4.2). The Arrhenius plots are
shown in Figure 4.11. Doping with Sc® results in an increase in the activation
energy from 0.049 eV 0.088 eV whereas doping with Zn does not change the
activation energy (0.046 eV). At x = 0.15, the activation energies slightly increased
from 0.040 eV for LaRhg7Cug 303 to 0.059 and 0.070 eV for the corresponding Zn

and Sc doped oxides. This is attributed to differences in the charge delocalization.
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Figure 4.11 The Arrhenius plots of Ln (o) verses inverse temperature for

LaRho_7CUo_15Bo_1503 and LaRh0_5CUO_2580_2503 perovskites.

4.2.5 Summary

The structural, magnetic and electrical properties of the LaRh;.,,CusBxO3 (B =
Sc®, cu®" and Zn**) oxides have been investigated. The decrease in the cell volumes
and the increase in the magnetic moments of the Cu and Zn doped oxides are
indicative of an increase in the formal valency of Cu and Rh ions. The formal
valency of the Cu in LaRh;»Cu,O3 apparently increases as x increases. Doping
with Sc resulted in higher cell volumes and lower magnetic moments than doping by

Zn as a consequence of charge delocalization. A deviation from linear Curie Weiss
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behaviour for the Zn doped oxides was observed with increased Zn content. The
magnetization curves show negative values for Weiss temperatures indicating short
range antiferromagnetic interactions may be present. One exception is LaRh;.
2xCUuxScxO3 which demonstrated positive Weiss temperatures at x = 0.05 and x = 0.1,
indicating ferromagnetic correlations. Nevertheless, the oxides lacked long range
magnetic ordering and all best described as spin glasses. Additional measurements
such as AC-susceptibility analysis is required to confirm this. The electrical

conductivity of the oxides increases as the Cu content increases.

4.3 Results and discussion: Lag 75A0.25RN1-2xCuxBxO3

Various oxides of the type Lag7sAg25Rh1-CUBLO3 (A = Pb* and Bi*"; B =
Sc¥, cu® and Zn?*) were investigated. Except for Lag75Pbo25Rh1.2CUScO3 (X <
0.15) and Lap 75Big.2sRh1-2xCuxZnsO3 (x = 0.1 and 0.25), all the compositions studied

gave single phase products with an orthorhombic structure.

4.3.1 Visual Inspection

The Lag75A025RN1-2xCuBxO3 samples are black powders with different
particles sizes. The black colour of the samples appeared at the second heating step
at 950 °C. Figure 4.12 demonstrates that Lag7s5Pbo2sRhosCug25Zn02503 iS more
crystalline than Lag 75Bio25Rhg5CuUg 25202503 and Lag 75Big 25RNp5Cug 25SC0 2503.
Increasing the content of the divalent dopants resulted in an increase in the
crystallinity of the samples. SEM measurements (Figure 4.13) demonstrated the
particles sizes of Lag 75Pbg 25Rh1.2xCuxZn,O3 samples increases as x increased. EDX

analysis showed mass ratios consistent with the targeted compositions.

P i
A,’\ L 4=Pb

,’:q'\ B=In*
= )

Figure 4.12 Scanning Electron Micrograph image for Lag 75Big.25Rho5CUg 255C0 2503,

Lag 75Big.25RNo.5CUg 25ZN0 2503 and Lag 75P0g 25RNo sCUg 25ZNg 2505.
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Figure 4.13 Scanning Electron Micrograph images for Lag 75Pbg 25Rh1.2xCuxZnyOs.

4.3.2 Crystal Structure

X-ray measurements showed the Lag75A025Rn1-2xCuBxO3 oxides have an
orthorhombic Pbnm structure. The S-XRD study of Lag75Pbg2sRh1-2xCuxScO3
oxides reveals the presence of additional phases at x < 0.15. This is attributed to the

solubility limit of Pb®*. The amount of the structural impurity decreased as x

increased.
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Figure 4.14 Synchrotron X-ray diffraction patterns for different compositions in the
Lao 75Pbo 2sRh1.2Cu,ScxO3 series. The black arrows indicate the strongest impurity
peaks in the patterns.
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Attempts to identify the second phase were made using the X’ pert high score
programme. The search-match algorithm in High Score combines peak and net
profile data in a single search step, which usually produces the most reliable results
B3 The impurity peaks observed in the patterns (Figure 4.14) are likely due to
Pb3O4. The structural impurity peaks were matched with X-ray diffraction patterns
for a tetragonal Pb3O4 with space group P42/mbc. The phase analysis for the sample
x = 0.05 is shown in Figure 4.15. The reliability factors for the structure refinement
using the Rietveld method are R, = 5.84, Ry, = 7.56 and ° = 1.98. Refined lattice
parameters for Pb;O, were a = 8.830(2) and ¢ = 7.106(3) A. The weight percent of
the second phase is ~ 6.84 %. Unlike Lag75Pbg 25Rh1-2xCuxScxOs3, the Lag 75Pbg 2sRh;-
2»CuxZn,O3 series were all a single phase with an orthorhombic Pbnm structure.
Figure  4.16 illustrates  the Rietveld refinement  profiles  for
Lao,.75Pbo.25RNg sCUg.25ZN0.2503.
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Figure 4.15 X-ray diffraction profiles for Lag75Pbg25RhooCuo055C00503. The data
are represented by the black crosses and the solid red and green lines are the
observed, calculated and difference profiles. The positions of the space group

allowed reflections are shown by the markers. The upper markers are for

La0_75Pb0_25Rh0_9CUO_05SCO_0503 and lower marks for Pb304.
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Figure 4.16 Synchrotron X-ray diffraction profiles for
Lao 75Pbo.2sRNp sCUp 25ZN0 2503. The data are represented by the crosses and the solid
lines are the calculated and difference profiles. The positions of the space group
allowed reflections are shown by the vertical markers immediately below the
observed profile. Neutron diffraction profiles of the oxide are shown in the insert.
The observed impurity peaks in ND patterns are due to Pb3O,, that were no evident

in the smaller sample used in the SXRD measurements.

The fit to the neutron diffraction data for Lag75PDbg25RngsCuUg25ZN02503 iS
summarised in Table 4.6. The data provide no evidence for oxygen vacancies.
Cooling the sample to 4 K did not result in any changes to the neutron profiles
indicative of no long range magnetic ordering. There is no systematic change in the
M-O(1)-M and M-O(2)-M angles between 4 and 293 K. Unexpectedly, the tilt angles
w and ¢ of Lag 75Pbg 25RNp5CUp 25ZN0 2503 (11.16°, 14.32°) are found to be higher than
those of LaRhgsCug25Zno 2503 (10.67°, 14.26°). Assuming Rh and Cu have average
oxidation states of +3.5 and +2.5, we estimate the tolerance factors (tr) for
LaRhg5Cug25Zng2503 and Lag75Pbg 25sRhg5Cug 25ZNn02503 to be 0.881 and 0.892
respectively. This suggests that the magnitude of tilt should be higher in
LaRhg 5Cug 25202503 than in Lag75Pbg.2sRhosCug 252N 2503. The tilt angles should
decrease as tolerance factor increases ®***). An increase in octahedra tilting will
result in a decrease in the cell volume which can be reflected from the M-O-M bond

angles B¢,
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Table 4.6 Results of the structural refinements for Lag75Pbg2sRhos5Cug25ZN02503

using neutron powder diffraction data. The B site cations are at (0, 0, 0).

Structural parameters 4K 293K
a(A) 5.5381(5) 5.5522(4)
b (A) 5.6641(6) 5.6567(4)
¢ (A) 7.8540(6) 7.8720(5)
V (A%) 246.37(4) 247.28(3)
La/Pb x 0.4859(8) 0.4882(9)
La/Pb y -0.0474(7) -0.0458(7)
La/Pb z 1/4 1/4
La/Pb Bis, (A?) 0.12(14) 0.42(15)
B/Rh Bis, (A?) 0.78(16) 1.17(16)
01 x 0.5873(13) 0.5887(13)
Oly 0.5252(11) 0.5235(11)
01 z 1/4 1/4
01 Big, (A%) 0.61(15) 0.90(16)
02 Xx 0.2993(7) 0.2996(8)
02y 0.2002(7) 0.2010(7)
02 z 0.0462(6) 0.0451(6)
02 Big (A%) 0.02(12) 0.48(12)
M-(01)-M (°) 151.19(40) 150.93(40)
M-(02)-M (°) 149.81(21) 150.18(22)
B/ Rh-01 (A) 2.0272(2) 2.0331(1)
B/ Rh-02 (A) 2.0407(2) 2.0460(1)
B/ Rh-02 (A) 2.0617(2) 2.0552(1)
B/ Rh-O(av) (A) 2.0432 2.0448
Re (profile) (%) 12.05 11.87
Ruwp(weighted profile) (%) 16.47 16.53
v 5.54 5.58
Tilt angle (°)

w (in phase) 11.22 11.16

@ (out of phase) 14.65 14.32
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The bond angles in Lag75Pbg 25RhosCU 252N 2503 (150.9(4)°, 150.2(2)°) are
found to be lower than those in LaRhgsCug.25Zng2503 (151.4(3)°, 150.9(2)°). Also,
Lao.75Pbo.2sRhosCU0 25ZN0 2503 (247.30(9) A3, 293K) has lower cell volume than
LaRhgsCUo25ZN02503 (249.08(2) A3 293K) reflecting the increase in octahedral
tilting. The neutron diffraction patterns of Lag 75Pbo25Rhgs5Cug25ZN0 2503 showed a
clear splitting of the (221) reflection indicative of a distorted symmetry. It is believed
that doping by Pb* into the A site of Lag.75Pbo25sRhgsCUo25ZN0 2503 results in an
increase in ion-ion repulsions that destabilize the structure as the tilt increases 7.
The increase in the A site covalency would also lead to small displacements of the

oxygen atoms 8.
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Figure 4.17 The temperature dependence of lattice parameters for
Lag.75Pbo 2sRNp 5CU0 25ZN0 2503  estimated by Rietveld refinement using X-ray
diffraction data. The variation of the cell volume is fit by the equation Vy =
248.37(2) + 4.67(7)x10°3 T +1.19(1)x10° T2,

The tilt angles w and ¢ of Lag75Pbg25RhosCug25Znp2503 were found to
decrease as temperature increased and these cause an increase in the cell volume 21,
The displacements of oxygen O(2) (u = w = 0.050) are about the same suggesting
the octahedra are reasonably rigid. Lag 75Pbo25Rng5Cup 25202503 has Ad = 6.418 X
10 which is lower than that in LaRhgsCuo2sZno2s0s (Ad = 7.345 x 10°). The

suppression of the octahedral distortion is believed to be positively correlated with
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tilting B!, although variable temperature neutron diffraction analysis would be
required to confirm this. The VT-XRD measurements demonstrate the orthorhombic
structure of Lag 75Pbg25Rho5CUg 25202503 persists over the temperature range 30 to
800 °‘C. The temperature dependence of the lattice parameters for
Lag 75Pbo 25RNp 5CUg 252N 2503 1s illustrated in Figure 4.17. There was no evidence
for a structural transformation. The observed negative thermal expansion of b
parameter for Lag75Pbo2sRhosCuo2sZno 2503 is  similar to that found for
Lao 75Pbo2sRhpsCup 503 (section 3.2.2) and is thought to be a consequence of the

reduction in the tilting upon heating.
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Figure 4.18 Composition dependence of the cell volume in Lag 75A0.25RN1-2xCuxBxO3
estimated by Rietveld refinement using synchrotron X-ray diffraction data. Where
not obvious the error bars are smaller than the symbols. The dashed lines cover the

samples that contain a second phase.

The S-XRD measurements of Lag7sAq25Rh12CuyBxO3 showed the cell
volumes are influenced by both the A and B site dopings. As found for LaRh;.
CU,B,O3, in Section 4.2.2, doping Sc** onto the B site results in an increase in the
cell volume whereas doping by divalent Zn** decreases the volume. The composition

dependent variation of the cell volume (Figure 4.18) is more linear than that in the
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LaRh;.2xCuxBxO3 oxides. This possibly indicates small displacements of the A site
cations may be enhanced by covalency. The cell volumes of Lag 75Big 25Rhp5Cug 503
(246.607(4) A®) and Lag75Pbo2sRhosCUo 503 (247.868(3) A%) are found to be either
higher, or lower, than those of the Lag 75Bio.25Rho5CUo.25ZN0.2503 (246.537(3) A%) and
Lao.75Pho.2sRhosCUg.25ZNg.2503 (248.385(3) A®), suggesting the average oxidation
states of the Rh may be lower than 3.5 + in the Bi doped oxides, but higher in those
in the Pb doped oxides. These results correlate with the distortion in
Lag 75Bio.25RNp5CUg 25ZN0 2503, and a significant decrease in the values of thermal
parameters Bis, of La(Pb) from 1.66(10) A2 for Lag 75Pbo25Rg 5CU0 503 to 0.47(01)
AZ for Lag 75Pbg 25RNo 5CUg 25ZN0.2503. The large Bis, value in the former case may be

related to local disorder 9.

Table 4.7 Lattice parameter distortions D, octahedral distoration Ad and bond angles
M-O(l)-M and M-O(Z)-M for La0.75A0_25Rh0.5CU0.25Bo,2503 oxides.

Compound D (%) A4dx10" | M-O(1)-M M-O(2)-M

LaosBio2sRNosClo2sSCo2s0s | 0.85  0.05 | 150.5(2)°  151.8(2)°
Lao 75Bi0.25RNo sCUo 50 091 876 | 151.2(6)°  154.7(5)°
LaosBio2sRNosClozsZNozsOs | 0.92 1579 | 148.6(8)°  150.6(5)°
Lao7sPDo.2sRMosCUo25SCo2503 | 056 1522 | 150.3(6)°  152.9(4)°
Lao 75Pbo 2sRNo sCUo 503 115 167 | 151.3(3)°  150.6(1)°
Lao7sPbo2sRNosClozsZNozs0s | 0.95  0.64 | 151.2(4)°  150.0(2)°

Table 4.7 demonstrates that the distortion of the BOg octahedra is negatively
correlated with the cell volume of the oxides. Ad for Lag.75Big.25Rhg5CUp255C0 2503 IS
less than that for Lag 75Big 25RhosCu 503 and Lag 75Big 25Rho sCUg 25ZN0 2503, Whereas
Ad for Lag 75Pbg 25Rho5CU0 25SC0. 2503 is greater than that for Lag 75Pbo2sRhp5Cugs03
and Lag 75Pbg25RNp5CUp 25ZN0 2503. This suggest that the oxide system is balanced as
a consequence of charge delocalization between Rh**#* and Cu®*** ions. Doping by
isovalent cations such as Pb* and Zn?* or Bi*" and Sc* resulted in equivalent
magnitudes of distortions. For instance, Ad for Lag7sBio25RhosCug 25202503
(15.79 x 10'4) is equivalent to that for Lag 75Pbg25Rho5CUp 255C0.2503 (Ad = 15.22 X
10™). It was found that Ad increases as the bond angles M-O(1)-M and M-O(2)-M
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decrease in the Lag75Bio25Rho5CuUps03 and Lag 75Big 25RNg 5CUp 2520 2503, whereas
Ad decreases as the lattice distortion D increases in Lag75Pbo25RhosCups03 and
Lag 75Pbo.25sRNp 5CUp 25ZN0 2503. The anisotropy in bond distances, lattice parameter
and bond angles of the oxides are all a consequence of the tilting of the BOs

octahedra %!,

4.3.3 Magnetization

The inverse susceptibility plots (Figure 4.19) show the magnetic
susceptibilities for the Lag75A0.25Rho5CUp25ZN0 2503 Oxides are approximately 15
times higher than those for the Lag 75A0.25Rho5CUp 255C0 2503 oxides. This is because
of the partial oxidation of Rh*" (3d°) to Rh** (3d°). Doping by Bi** or Pb®" into the A
site results in a decrease in the susceptibility which is consistent with the increase in
the A site covalency. The electronegativity of both Bi**(2.02) Y and Pb** (1.87) !
is greater than that of La**(1.10) [*!!. These results are in an agreement with those
found for the LaRh;,CusBO; oxides (section 4.2.3) and for the
Lap. 75A0.25RNp 5CUp 503 oxides (section 3.2.3) in which the susceptibility increases as
the content of divalent dopant increased, and decreases as the covalency of the A site

dopant increased.
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Figure 4.19 The temperature dependence of the inverse susceptibility for
Lag.75A0.25RN0.5CU0.255C0.2503 and Lag 75A0.25RNg 5CU0 25210 2503 recorded under zero
field cooling conditions with an applied field of 5 kOe. The noisy data for
Lao 75A0.25Rho 5CU0 255C0 2503 at high temperature reflects the sensitivity limits of the

instrument at lower susceptibility values.
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The best linear fit to the inverse magnetization curves (Table 4.8) provides an
estimate for the effective magnetic moments (Uer) for the oxides and these are
negative  correlated with the Weiss constant (©). Except for
Lag 75Big.25RNo 5CU0 255C0 2503 (+60.9 K) and Lag75Pbo 25RhosCUg 255C0.2503 (+28.4
K), the Weiss constants were negative for the all oxides suggesting weak
antiferromagnetic interactions. The magnetic susceptibility measurements for
Lag 75Pbo2sRhpsCUp 503 (0.83 g, -24.4 K) and Lag 75Pbg 25RhosCug 252N 2503 (0.83
Ms, 11.5 K) gave a lower magnetic moment than that for LaRhysCu503 (1.17 Ug, -
23.5 K) and LaRhysCup25ZNnp2503 (1.91pg, -131.1K) indicative of magnetic
coupling. It is believed that the spin orientation is influenced by the 6s? electrons of
the Pb?" ion resulting in a reduction in magnetization ¥#*]. Figure 4.20 shows the
temperature dependence of the inverse susceptibility for LaRhysCugs03
LaRho.5CU0.25ZN0 2503, Lag.75Po.2sRNosCUosOs and  Lao.75Pbo.2sRho.sCU0.25ZN0.2503.
Hysteresis loop measurements show the absence of any long range magnetic
ordering. In general, all the studied samples exhibit spin glass magnetic behaviour as

was evident from the magnetic susceptibility measurements.

Table 4.8 Curie constant C, Weiss constant ©, magnetic susceptibly coefficient
factor y,, and effective magnetic moment s for Lag 75A0.25 RhosCup 25B0.2503.

Compound O (K) %(10%) C(emu.mole) et (Ug)
LaRhg5Cug.255€C0.2503 -14.6 7.412 1.596 0.93
LaRhg5Cugs03 -23.5 7.337 4.057 1.17
LaRhg5Cug.25ZN0g.2503 -131.1 3.495 60.077 1.91
Lag 75Big.25RNo 5CUp 25SCo 2503 +60.9 -0.069 4.057 0.18
Lag 75Big.25RNp5CUp 503 -5.9 10.965 0.388 0.72
Lag7sBig2sRNg5CUg25ZNg 2503 | -113.4  2.537 32.646 151
Lag7sPbp2sRho5CUp 25SCo 2503 | +28.4  -3.113 -0.251 0.26
Lag 75Pbo 25RNo 5Cug 503 -24.4 3.550 2.108 0.83
Lag.75Pbg 2sRNo5CUg 25ZNg 2503 | -11.5 7.491 0.987 0.83
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Figure 4.20 The temperature dependence of the inverse susceptibility for

Lao75A0.25RNo 5CU0 25B0.2503 oxides (A = La** and Bi**; B = Cu** and Zn®") recorded

under zero field cooling conditions with an applied field of 5 kOe. Magnetization

hysteresis loops for Lag 75Pbg 25sRhg 5CuUp 503 and Lag 75Pbo 25Rho sCug 2520 2503 at 5K

are also illustrated.

4.3.4 Electrical conductivity

Electrical conductivity measurements show that doping
Lao 75A0.25RNo5CUp 25B0 2503 with either Pb or Bi lowers the conductivity of the
oxides, suggesting an increase in the band gap occurs as a result of the strong
interaction between Pb?* and Bi** 6s orbitals and the 3d and 4d orbitals of the B site
cations. The conductivity of LaRhgsCug25ZNng 2503 (476.86 ’Q‘l) is around 40 times
higher than that of Lag 75Pbo.25Rho5CUg.25ZNg.2503 (12.24 Q) at 300K. Likewise, the
conductivity of LaRhgsCug255¢0 2503 (1.66 x10™ Q%) is ~50 times higher than that
of Lag 75Big25Rho5CUp25SCo 2503 (3.15 X 10° ’Q‘l) at 300K. The Arrhenius plot
(Figure 4.21) gave activation energies for LaRhgsCug25Zng2503 (0.046 eV),
Lag 75Big.25RNg 5CU0 25ZN0 2503 (0.043 eV) and Lag 75Pbo.25Rho5CUg 25ZN0 2503 (0.036
eV) that are significantly smaller than that found for LaRhg5Cu 503 (0.055 eV). This
is attributed to differences in the charge delocalization. The
Lag 75Big.25RNp 5CU0 255€C0 2503 (0.110 eV) and Lag 7sPbg 25RNg 5CUp 252N 2503 0oxides
exhibit lower activation energies than Lag 75Big25Rho 7CUg.155C0.1503 (0.156 eV) and
Lag.75Pbg 25RNp 7Cu0.15ZNn0.1503 (0.105 eV), suggesting a decrease in the divalent
dopant content lowers the activation energies of the compounds. Doping with
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divalent cations introduces holes in the electronic structure as result of the oxidation
of Rh* to Rh*". The introduction of holes in the band gap semiconductor allows

excitation of valence band electrons, leaving mobile holes in the valence band *4.
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Figure 4.21 The Arrhenius plots of Ln (o) verses inverse temperature for
Lao_75A0_25Rho_5CUO_25Bo_2503 DEI’OVSkitES.

4.3.5 Summary

Various samples of Lag 75A0.25Rh1.2xCU,BO3 (A = Pb?* and Bi**; B = Sc**, Cu®*
and Zn**) were prepared and characterized. Doping either Pb or Bi into the A site did
not alter the space group symmetry. Lag 75Pbg 2sRh;-2xCuxScO3 contained an impurity
for x < 0.15 due to the solubility limit of Pb. Doping Sc*" and Zn** into the B site of
Lag 75A0. 25RN1-2CuyByO5 alters the cell volumes. The cell volumes of the oxides were
found to be negatively correlated with the octahedral distortion. The changes in the
cell volumes, octahedral distortion and the bond angles of the oxides are mainly
attributed to the effects of the octahedral tilting and the charge delocalization
between the Rh and Cu ions. The decrease in the effective magnetic moments and
the electrical conductivities of the Lag7s5A025Rh1-2CuxBxO3 oxides suggests that
doping Pb and Bi into the A site results in magnetic coupling and an increase in the

band gap.
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Structural, Electrical and Magnetic Studies of A site and B Site
Doped TbRh;,Cu,O; (A = Ca?*, Pb*" and Bi**; B = S¢** and Zn?*)

5.1 Introduction

Like other 4d transition metal oxides, orthorhodates have been investigated as
potential candidates for use in devices such as metallic conductors, catalysts and
anode materials in photoelectrolytic cells %, The 4d electrons have a large spatial
distribution, very strong spin orbital coupling and large ligand field effect *“. There
are only few studies addressing the behaviour of lanthanoid ions in orthorhodates
[561 Lanthanoid oxides exhibit fascinating magnetic properties due to the large spin
and orbital angular moment of the lanthanoid ions ["®!. The magnetic moment of 4f
electrons is shielded by the outer orbital electrons and, therefore, magnetic dipole
interaction between rare-earth cations is often comparable, or superior, to the
superexchange interaction in the oxides .

The lanthanoid rhodium oxides (LnRhO3), containing trivalent rhodium, adopt
distorted perovskite structures with orthorhombic symmetry space group Pbnm !,
The crystal lattice of LnRhO3; becomes more distorted as the size of the Ln cation
decreases and the number of 4f electrons increase %, The tilting of the RhOs
octahedra increases as the ionic radius of the lanthaniod ion decreases leading to an
increase in the orthorhombicity. The orthorhombicity of such compounds is given by
(b — a)/a (where a and b are the lattice constants) %, The magnetic moment of
the LnRhO3 compounds are strongly influenced by the 4f electrons of the lanthanoid
ions. However in some cases, such as EURhOs3, a noticeable contribution of the 4d
electrons can add to the magnetization. This is due to a charge compensation of Rh®"
to Rh*" resulting from the coexistence of mixed valence Eu®* and Eu®" cations ©..
The resistivity of all LnRhO3; oxides has an activation-type (or semiconductor-like)
temperature dependence. The changes in the crystal lattice are thought to modify the
band structure increasing the activation energy =,

Substitution at the A- and B- site can significantly alter the properties of
LnRhO3. One such example is the perovskite LaRhgsMngs03. The compound shows
ferromagnetic behaviour at low temperatures ™31 but the substitution of lanthanoid

elements with higher atomic number such as Gd suppresses the ferromagnetic
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interaction ¥, The electrical conductivity shows semiconducting behaviour above
room temperature and the conductivity decreases as the size of the lanthanoid

decreases 1,

5.1.1 Aims and Objectives

In order to understand the role of the Ln cation on the properties of mixed
metal Rh-Cu perovskites, a series of oxides of the type TbRh;,CusO3; was
synthesized and characterized. Th was chosen as an alternate to La since this has the
possibility of existing as Th** or Tb*". It is postulated that charge delocalization
between Rh and Cu would influence the formal valency of the A cations resulting in
a partial oxidation of Th®* to Tb*". In this study, the effects of charge delocalization
on the structural, electrical and magnetic properties of both A and B-site doped
TbRh1,CuOs (B = Sc**, Cu®* and Zn?*; A = Ca?*, Sr**, Pb*" and Bi*") is discussed.
The aim of this work was to investigate the role of the 4 f rare earth cation in

controlling the structural and physical properties of these perovskites.
5.1.2 Methodology

Reactants were Tb(NO3)3.5H,O (Aldrich > 99.9 %), Sc,0s; Bi,03 PbO
(Aldrich > 99.99 %), CuO, ZnO (Merck, > 99%) and Rh (Althaca 99.95 %). The
preparation started by mixing the raw materials, and then heating these in several
steps. Before each heating step, the materials were finely ground by a mortar and
pestle. Samples were heated to 850 °C for 24 h followed by heating at 950 °C for 24
h, and then 1000 °C for 48 h and 1050 ‘C for 48 h. The reaction was completed by
heating at 1100 'C for 48 h. Synchrotron X-ray powder diffraction data were
collected over the angular range 5 < 26 < 85°, using X-rays of wavelength 0.82554
A on the powder diffractometer at the Australian Synchrotron 4. Samples were
packed into 0.3 mm diameter capillaries. The structures were refined using the
program RIETICA ™ The peak shapes were modelled using a pseudo Voigt
function.

The magnetic measurements were carried out using a Quantum Design, PPMS.
The temperature dependence of the magnetic susceptibilities was measured under
both zero-field cooled (ZFC) and field cooled (FC) conditions in an applied field of 5
kOe over the temperature range 4-300 K. The temperature dependence of the

resistivity was measured using a DC four probe technique with the same
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measurement system. The sintered samples were cut into pieces of size
approximately 3 x 5 mm. Four contacts were painted onto the samples using silver
paste. The microstructure of the powder samples was examined by scanning electron

microscopy (SEM) using a Intellection Quemscan.

5.2 Results and discussion: Tbi.yAyRh1.5xCuxBxO3

Various compositions of TbRhyCu,B0; (B = Sc**, Cu®* and Zn?"),
Tho 75R025Rh07CU 303 (A = Ca®*, Sr**, Pb?* and Bi**), Thy,PbyRhoCug4O3 and
Tho.75Big25Rh1.2«Cu,ScO3 were prepared and characterized. The TbRh;.CuxO3
samples generally have the same physical properties as the La** analogous.
However, the cell volume and magnetic susceptibility of the oxides were sensitive to
the presence of Th**. Single phases with an orthorhombic structure were obtained for

y = 0.3 and x = 0.2 for the A and B sites respectively.
5.2.1 Visual Inspection

The heating regime described above produced black coloured samples. After
heating at 1000 °C, the colour of the all samples turns from dark yellow to brown.
This suggests changes in the electronic structure, involving the redistribution of d
and f electrons via redox reactions. SEM measurements (Figure 5.1) show doping
with Cu® results in particles of larger size and higher apparent crystallinity than in
undoped TbRhOs.

iy
» L

»

}
-

Figure 5.1 Scanning Electron Micrograph images for TbRhO3z, TbRhy¢Cug103 and
Ttho_gCUo_gOg.

SEM images for some representative examples of the doped TbRh;..Cu,O3
oxides are also shown in Figure 5.2. Doping with divalent cations, such as Pb?* and

Zn**, results in more crystalline samples than doping with trivalent cations such as
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Bi** and Sc**. The sample of Thg75Cag25Rho7Clo303 has better formed particles
(size and shape) than the sample of Thg75Pbg 25Rho7Cuo303. This possibly reflects
the influence of the relative sizes of the A dopant cations on the crystal packing. Ca®*
(8-coordinate ionic radius, 1.12 A has smaller ionic size than Pb**(1.29 A)I*°!,

Elemental analysis showed the oxides have their nominal composition.

Figure 5.2 Scanning Electron Micrograph images for TbhRho7Cug 15Bo.1503 where B

=5c** cu?*, and Zn** and Thy75A0.25RNo.7CU0.303 Where A = Bi** Pb®*, and Ca**.

5.2.2 Crystal Structure

Except for TbRhO3, samples in the four solid solution series were found to be
single phase under the preparation conditions described above. The observed peaks
from X- ray profiles can be indexed on the basis of an orthorhombic unit cell (space
group Pbnm). This is one of the most commonly observed distortions of the
perovskite structure '), The preparation of an extensive solid state solution allows us
to study the effects of altering the chemical composition on the physical properties.
The results of the structural refinements, obtained from Rietveld analysis against the
synchrotron diffraction data, are summarized below. Figure 5.3 illustrates, as a
representative example, the Rietveld refinement profiles for TbRhggCug 40s.
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Figure 5.3 Synchrotron X-ray diffraction profiles for TbRhosCu403. The data are
represented by the crosses and the solid lines are the calculated and difference
profiles. The positions of the space group allowed reflections are shown by the
vertical markers immediately below the observed profile. A representation of the
TbRh sCug 4O3 structure is included.

The crystallographic data for TbRhgsCug 4Oz and LaRhggCug 403 are given in
Table 5.1. The diffraction studies demonstrate that the Cu and Rh cations were
disordered at the B- sites. The O-atom coordinates, obtained from the X-ray Rietveld
refinements, are expected to be more poorly determined than those from the neutron
diffraction measurements, as the presence of La and Tb cations limits the accuracy of
the X-ray refined structures. Compared with LaRhggCug 403 where a = 5.5697(2), b
=5.6697(2), and ¢ = 7.8753(2) A, the substitution of Th* into LnRhg sCUg 403 drives
an elongation of b to 5.7565(1) A and contraction in the a and c lattice parameters to
5.2713(1) and 7.6036(1) A respectively. TbRhosCuo4O3 (230.72(1) A®) has lower
cell volume than LaRhogCuo+Os (248.68(1) A%). The anisotropy in the lattice
parameters is a consequence of the tilting of the BOg octahedra. The lower cell
volume of TbRhysCup 403 corresponds to an increase in tilt, driven by the smaller
size of Tb®. Tb* (1.04 A) & has a smaller ionic size than La** (1.16 A) M. The
value for Bjs, of the O2 anion is larger in the Th compound (1.00(12) A?) than in the
corresponding La compound (0.34(14) A?) suggesting that if vacancies form in the

Tb oxides, they do so preferentially in the O2 position.
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Table 5.1 Results of the structural refinements for TbRhgCuosO3 and
LaRhg sCug 403 profiles using synchrotron X-ray powder diffraction data at 300 K.

Structural parameters TbRhsCu 403 LaRhg sCug 403
a (A) 5.2713(1) 5.5697(2)
b (A) 5.7565(1) 5.6697(2)
c (A 7.6036(1) 7.8753(2)
V (A% 230.72(1) 248.68(1)
A X 0.4751(1) 0.4972(9)
Ay -0.0795(1) -0.0507(2)
A z 1/4 1/4

A Bis, (A% 1.09(1) 1.30(2)
B/Rh Bis, (A%) 0.49(2) 0.78(2)
01 x 0.627(2) 0.588(3)
Oly 0.556(2) 0.495(2)
01 z 1/4 1/4
01 Big (A% 0.92(15) 1.09(2)
02 x 0.316(1) 0.275(2)
02y 0.192(1) 0.226(2)
02 z 0.0545(9) 0.0696(8)
02 Bis, (A?) 1.00(12) 0.37(14)
Re (profile) (%) 6.02 4.19
Rwp(Weighted profile) (%) 9.39 6.18
e 26.49 13.01
Tilt angle (°)

w (in phase) 13.9 5.9

@ (out of phase) 17.2 21.1
Tolerance factor (1) 0.85 0.89

Selected interatomic bond distances and angles derived from Rietveld

refinements for TbRho¢Cup 403 and LaRhggCug4O3 are given in Table 5.2. Tb has an
effective nine-fold coordination due to its small ionic size. The average A-O bond

lengths are generally shorter in ThRhyCug4O3 than in LaRhg Cug4O3 resulting in a
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greater orbital overlap between f orbitals of Th** and sp® hybrid orbitals of oxygen!”.
The A-O and B-O bond lengths, and B-O-B bond angles and tilting angle along ¢ axis
are in good agreement with each other. The tilt angles can be estimated from the
atomic coordinates ™!, The in-phase and out of phase tilting are estimated to be
13.9° and 17.2° in ThRhggCup 403, and 5.9° and 21.1° in LaRhggCup4O3 at room
temperature. The in-phase tilt angle is larger for TbRhgCuo4O3 reflecting the
smaller size of Th but surprisingly the out phase tilting angle is smaller than for
LaRhg ¢Cug 40s.

Table 5.2 Selected interatomic bond distances and angles of LaRhgsCup4O3 and
Ttho_eCUOAOg.

Compound TbRhgsCu 403 LaRhgsCug 403
Bond distance (A)
A-O, 2.237(8) 2.334(9)
2.248(9) 2.632(9)
3.267(8) 3.141(9)
3.260(9)
A-O, (1) 2.316(7) x 2 2.415(7) x 2
2.507(6) x 2 2.444(8) x 2
A-O; (2) 2.645(6) x 2 3.000 (7) x 2
3.488(7) x 2
A-O (average) 2.521 2.838
Cu/Rh-O, 2.040(3) x 2 2.032(4) x 2
CUu/Rh-O5(1) 2.042(7) x 2 2.066(9) x 2
Cu/Rh-0(2) 2.061(7) x 2 2.074(8) x 2
B-O (average) 2.048 2.057
Bond Angles (°)
Cu/Rh -0;-Cu/Rh 137.4(5) 151.2(8)
Cu/Rh -O,-Cu/Rh 144.0(4) 147.5(3)

The difference between the tilt angles y and ¢ of LaRhggCup 403 (5.9°, 21.1°)

appears to be unreasonable reflecting lower accuracy and precision in structural
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refinements obtained from X-ray, rather than neutron, diffraction data. The
combination of excellent counting statistics, high resolution, and the large number of
observed reflections in synchrotron X-ray diffraction patterns usually results in
higher accuracy of structural refinements than that can typically be achieved using
conventional X-ray diffraction data '?°!. In the most favourable cases, the accuracy of
these refinements is comparable to the accuracy that could be obtained from high-
resolution neutron diffraction data. However, additional factors such as lattice strain
and psuedo-cubic symmetry can lead to significant peak overlap, which reduces the
precision of the refinement %!, It was not possible to measure neutron diffraction
patterns for the sample due to the instrument availability. The displacements of the
O(2) oxygen atoms of LaRhyCup403 (u = v = 0.025) and TbRhggCuo4O3 (U =
0.066 and v = 0.058) suggest that the BOg octahedra are less rigid in TbRhg¢Cug 403
than in LaRh gCug 403.
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Figure 5.4 The temperature dependence of lattice parameters for TbRhy ¢Cu4O3 and
LaRhosCug 403 estimated by Rietveld refinement using X-ray diffraction data. ap, by

and c, are the individual lattice parameters converted to the length of the equivalent
primitive unit cell (T, — —) The temperature dependent variation of the cell volume

for TbRhosCu.40s is fitted by V(y) = 230.09(6) + 5.57(3)x10° T + 8(3)x10” T2, and
for LaRhgsCuo4Os by Vi = 248.38(2) + 4.46(9)x10° T +2.1(1)x107° T2,

X-ray diffraction measurements showed that the orthorhombic structure

persisted over a wide temperature range, 30 to 830 °C, for the various oxides. The
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temperature dependences of the lattice parameters for representative samples are
illustrated in Figure 5.4. The failure to observe any structural phase transitions below
830°C in the XRD studies is consistent with the tolerance factor estimated to be 0.85
and 0.89 for TbRhosCup4O3 and LaRhgsCug 403 respectively. Both LaRh;CuxO3
and TbRh;.,Cu,O3 oxides show conventional positive thermal expansion of a and ¢
axis. However, the b parameter in TbRhsCuo4O3 is essentially independent of
temperature whereas that in LaRhg §Cug 403 shows weak negative thermal expansion.
This can be attributed to the tilting of the BOg octahedra which acts to maintain a
constant variation in the cell volume . A similar effect has been reported for

TbhMnOs Y and was seen elsewhere in this thesis.
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Figure 5.5 Composition dependence of the cell volume and the lattice parameter
indices for Tho75A025RNp7CUp303 estimated by Rietveld refinement using
synchrotron X-ray diffraction data. Where not obvious the error bars are smaller

than the symbols.

The influence of the A site doping on Thg.75A025R 7ClU0 303 (A = Ca®*, Pb**
and Bi3+) and Tb;«PbsRhosCup 403 was investigated. As illustrated in Figure 5.5,
doping Ca®* (8 coordinate ionic radius, 1.12 A) into Thg75A0.25Rho7Cuo 305 reduces
the cell volume from 230.711(2) A® to 229.625(4) A®. This is likely driven by the
partial oxidation of Rh®" (0.67 A) to Rh** (0.60 A),!*®! necessary to maintain charge
neutrality. Despite the impact of such oxidation, the Pb doped oxide exhibits an
increase in the cell volume, from 229.625(4) A3 to 230.407(2) A® due to the large
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ionic size of the Pb®* cation (1.29 A). Surprisingly, the addition of Bi into
Tho75A0.25Rho7CUg 305 results in a smaller cell volume, from 230.711(2) A® to
230.234 (4) A3, despite Bi** having a similar formal valency and larger ionic radii
(1.17 A) B than Tb** (1.04 A) ™. This can be attributed to the high covalent
character of the Bi ions, with small displacement of the A site cations on the 4a site,
at 0.525(1), 0.079(1), 0.25 in TbRhy;Cup30; to 0.524(1), 0.078(1), 0.25 in
Tho.75Bio25Rho.7CUg 303 enhanced by the covalency %223, It was established that Sr
has a lower solubility in TbRhg7Cup303 compared to LaRhg7Cup30s3. It was not
possible to prepare single phase samples with a Sr content of x > 0.25. The
composition dependence of the cell volume and the lattice parameter for
Tho.75A025Rho 7CuUo 303 is illustrated in Figure 5.5. The anisotropy in lattice
parameters seems to be independent of the ionic radii of the A site cation.

An interesting question, and one we are addressing here, is what causes Pb®* to
be incorporated in Thg75A025Rh1xCuxO3 at a greater dopant level than possible with
Sr?*. These two cations have identical formal valencies and similar ionic radii. A
striking feature of Pb®" is that the cation has potentially stereochemically active lone
pair electrons and strong covalent character. To improve the understanding of Pb
behaviour in these oxides, the series Th;.xPbiRhosCuo4O3 (x < 0.3) was also
examined. Unexpectedly, Pb was less soluble in Thi4PbsRhysCup4O3 than in La-
«PbxRho sCup 403, at range 0< x < 0.2. Additional peaks indicative of a second phase
were observed in the synchrotron X-ray diffraction profiles for ThyPbyRhoCuo 403
(Figure 5.6) showing incomplete incorporation of the Pb. The solubility of Pb is
possibly limited by the large size mismatch of Pb** (1.29A) and Tb*" (1.04A). It is
postulated that an internal chemical pressure was generated within the lattice due this
size difference thus destabilising the structures. The impact of the A-site ionic size
mismatch on the solubility, structure and physical properties of perovskites has been
previously reported in many papers %3, For instance, the single-phase region of
(Bay yPby)s «LNgs23Ti1g0ss (Where Ln = La** or Nd**) was determined to exist
within the Pb®* concentration range corresponding to 0 <y < 0.70 (x = 0), 0 <y <
0.60 (x =0.75) and 0 <y < 0.4 (x = 1.5). For all compositions outside the single
phase region secondary phases emerge as result of size mismatch %], The Rietveld
refinement profiles for Thy7Pbo3RhosCuo4O3 and the observed synchrotron X-ray

diffraction profiles for La;.xPbxRhgsCug 4O3 oxides are shown in Figure 5.6.
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Figure 5.6 Synchrotron X-ray diffraction profiles for Tbg7Pbo3RhosCuo4O3. The
data are represented by the crosses and the solid lines are the calculated (red line)
and difference profiles (green line). The positions of the space group allowed
reflections are shown by the vertical markers immediately below the observed
profile. Synchrotron X-ray diffraction patterns for different Th;.xPbyRhosCup4O3
compositions are also included. The black arrows indicate a structural impurity

peak on the patterns.

The refined structural parameters for Thg;Pby3RhysCug4O3 are given in Table
5.3. Tbg75Pbo25RhpsCUp403 and Thg7Pbo3sRhosCup4O3 both form single phase
orthorhombic structures. Changes in the A-O covalent bonding are thought to play a
role in determining the structure 8. Pb?* with strong covalent character attracts three
of the twelve surrounding oxygens, whereas the remaining anions are further away.
This has the effect of increasing the B-O bond interactions. Although, Pb** (1.87) 1!
has higher electronegativity than Tb**(1.10) !, the electronic ‘lone pairs’ are
stereochemically active, pointing toward empty spaces in the structure and inducing
cationic shifts. One consequence of this is the local structure of the Pb®* and Th**

cations may be different.
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Table 5.3 Structural parameters for Tbg7Pbg3RhosCuo4O3 as obtained from the

Rietveld refinement against powder synchrotron diffraction data.

Atom Site X y z Biso (A Occ

Th/Pb 4(c) 0.5254(1) -0.0784(1)  0.25 1.13(01) 0.75/0.25
Cu/Rh | 4(b) 0 0 0 0.11(01)  0.5/0.5
0(1) 4(c) 0.372(1) 0.442(1) 0.25 0.87(14) 1.0
0(2) 8(d) 0.3064(9) 0.2029(9) 0.0590(8) 1.00(10) 1.0

Parameters a= 5.26469(3), b = 5.74974(3) and c = 7.60661(5) A
R- factors Rp=4.82 %, Ryp=7.00 % and y* = 8.71
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Figure 5.7 Composition dependence of the cell volume and the lattice parameters for
ThyxPbyRhpsCug 403 estimated by Rietveld refinement using synchrotron X-ray
diffraction data. The cell volume at x = 0.25 was excluded from the plot as it was

found to be anomalously low.

Figure 5.7 shows the effect of Pb doping on the cell volumes of Tb;.
«PbyRhg sCug 405. This differs from the behaviour observed for Laj.xPbyRho5Cugs03
in chapter 3.3.2 suggesting the 4f electrons may moderate the influence of the Pb**
cation. The cell volume increases rapidly at low doping levels x < 0.1 as anticipated
from the larger size of the Pb®* cation. At higher contents, the volume actually

decreases, possibly as a consequence of charge delocalization. The absence of any

147



Chapter 5: Structural and Physical Properties of TbRh; xCuy O3

superlattice reflections in the S-XRD patterns indicated that the Cu and Rh cations
were randomly distributed over the perovskite B-sites. A number of the B site doped
oxide were also prepared and described here. These were all single phase with an
orthorhombic structure. There were no obvious structural impurities observed in the
synchrotron X-ray diffraction profiles for ToRh;.o,CuxSc,O3 (Figure 5.8) and TbRh;.
2xCuxZnyO3 (Figure 5.9).
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Figure 5.8 The observed and calculated synchrotron X-ray diffraction profiles for
TbhRh12CuxSc,O3. Ry,= 6.23, 6.56, 6.25 and 6.67; and Ry, = 8.85, 9.21, 9.20 and
9.72 for x = 0.05, 0.1, 0.15 and 0.2 respectively.
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Figure 5.9 The observed and calculated synchrotron X-ray diffraction profiles for
TbRh1.2,CuxZnyO3. Ry= 5.85, 5.22, 5.11 and 5.67; and Ry, = 8.68, 7.48, 7.31 and
8.03 for x = 0.05, 0.1, 0.15 and 0.2 respectively.

The composition dependence of the unit cell volumes estimated from Rietveld
refinement against synchrotron diffraction data for the series TbRh;.»CuyBxO3 are
illustrated in Figure 5.10. The unit cell volumes of TbRh;.,,CusBxO3 show a similar
trend to that observed for LaRh;.oCuxB«O3, suggesting the presence of trivalent Th.
The cell volumes for terbium oxides are approximately 17-19 A® smaller than those
for lanthanum oxides due to the smaller ionic radii of Th*" (1.04 A) 8 compared to
La® (1.16 A) 8 The addition of divalent cations such as Cu?* (6-coordinate ionic
radius, 0.73 A) 8 and zn** (0.74 A) ™ into ThRhy.,CuxB,O; decreases the cell

volumes, presumably as a consequence of partial oxidation of the Rh** (0.665 A) to
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Rh*" (0.60 A) ¥ Partial oxidation of Tb** to Th** (0.88 A) *® may also occur.
Doping with equal quantities of Sc** and Cu?* initially results in a rapid decrease in
the cell volumes suggesting the coexistence of charge delocalization between the Rh
and Cu cations. As described previously, partial change transfer involving Rh** to
Rh* and Cu?®* to Cu®* (0.53 A) ™ is possible B, ThRhoeCuo.0sSCo0503 has a lower
cell volume than TbRhooCup103 and TbRhg¢CugosZnoesO3 although the former
oxide has lower divalent dopant content, suggesting greater oxidation of Cu?* to
Cu®". The increase in cell volume of TbRh;.CuScOs at x > 0.1 reflects the
increase in the Sc>* content since the Sc®* (0.745 A) ™ jon is larger than Rh**. The
substitution of Sc* is not expected to drive a change in the overall charge of the

system, since it has the same formal valence as Rh**.
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Figure 5.10 Composition dependence of the cell volume for the individual and
combined TbRh;»CuBsO3 series estimated by Rietveld refinement using

synchrotron X-ray diffraction data.

The external structural distortion, D, the internal structural distortion, Ad, and
M-O(1)-M and M-O(2)-M bond angles for the TbRh;,CusBxO3 series are
summarised in Table 5.4. The trends in these show that the reduction in tolerance
factor induces tilting which distorts the lattice. The ThRh;.,xCuxB4Oj3 series exhibited

three times higher lattice parameter distortions (lower symmetrical arrangements)
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than the LaRh;.,,CusBxO3 oxides. This is a manifestation of the substitution of the
smaller Th®" cation. The impact of the changed tolerance factor on the lattice metric
can be monitored by the correlation between D and composition. D decreases with x
in the two series ThRh;»Cu,SciO3 and TbRh;.5CuxZniOs, but increases as x
increased in TbRhy,CuxO3. The changes in D are consistent with the small
differences in the ionic radii of Sc** (0.745A) 8 zn?* (0.74A) *¥ and cu®* (0.73A)
[8] The tolerance factor increases as the size of B dopant decreases whereas D
decreases with the size of B dopant ?®*!. In the double perovskite Ca,MnMOg (M =
Sh, Ta, Nb and Ru), the increase in the tolerance factor results in a decrease in the
lattice parameter distortions . Except for the Sc doped oxides, there were no
obvious correlations between the octahedral distortions and other structural
parameters in TbRhy.,CuxBxO3. The increase in Ad for TbRh;.2xCuxSc,Os is in good
agreement with the rapid increase in the cell volumes. Since Cu®* (3d°) ions are
Jahn-Teller (JT) active 28] the increase in Ad can be attributed to this effect. The
partial oxidation of Cu® to Cu®" and the tilting of the octahedron are a means of

reducing the JT distortion.

Table 5.4 Lattice parameter distortion D, octahedral distortion Ad , M-O(1)-M and
M-0O(2)-M bond angles for TbRh1.,,Cu,BOs.

TbRh1.5CuySc,O3 TbRh1.2,Cu,03 TbRhy.2CuyxZnyO3

X D (%)  Adx10° D(®%)  Adx10° | D (%)  Adx10”
0.05 | 3.40 3.89 3.44 108 3.44 8.60
010 | 3.35 0.05 3.46 3.62 3.43 0.72
015| 3.11 174 3.51 16.3 3.43 1.74
0.20 | 2.90 365 3.52 14.5 3.43 19.7

X | M(OL)Me  M(O2)M° | M(OLMC  M(O2)M° | M(OL)M®  M(O2)M°

0.05 | 138.3(4) 143.8(3) | 138.1(6) 145.8(4) | 139.2(4) 143.7(3)
0.10 | 137.9(5) 145.3(4) | 140.1(6) 145.8(5) | 137.3(4) 143.6(3)
0.15 | 136.4(6) 144.7(4) | 139.8(4) 143.1(3) | 138.0(4) 144.6(3)
0.20 | 136.9(7) 143.2(5) | 136.8(6) 142.8(4) | 138.3(5) 143.3(4)
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The structural properties of the A site doped oxides were further investigated
by doping Zn** and Sc** into Thg75Pbo2sRh12CuBOs and Thg75Bio2sRh-
2xCuxBxO3 respectively. Neither Thbg75Pbo 25RN1.2CuxZNnO3 nor Thg75Big2sRh;-
»CuxScxO3 gave single phase samples at x < 0.2. One exception is
Tho.75Big.25RNosCU0 2SCo203. The Rietveld profiles for Thg7s5Bio 25Rhg6Cug 2S¢y 203
and the observed synchrotron X-ray diffraction data for Thg 75Big.2s5Rh1-2xCuxScyO3
are illustrated in Figure 5.11. Table 5.5 shows the structural parameters for
Tho 75Big25RNg 6CU0 2SCo 203 as obtained from the Rietveld refinement. The
temperature dependence of the lattice parameter (Figure 5.12) is similar to that
observed for TbRhgeCug4Os. The distorted structure of the Tbg7sPbgosRh;s-
2xCUxZnyO3 and Thg 75Big 25Rh1-2xCu,ScyO3 oxides could be attributed to the impact of
the tolerance factor and a large ionic size mismatch between the A and B sites. The
possible partial oxidation of Th®* (1.04 A)to Th** (0.88 A) ®! may also result in the
partial occupancy of Th** onto the B site. Terbium is known to adopt the mixed
valence state Tb*'/Tb* in several compounds P2 such as ThBaCoOs.; B! The
tetravalent terbium ions can be stabilized at the B sites of perovskites such as
BaThO3 B*and Sr,Thir0s ™,
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Figure 5.11 Synchrotron X-ray diffraction profiles for Thg75Bip.25Rho6Cug2SCo203
included the observed profiles for different compositions in Tbg75Big2sRh;-
2xCUxSCxO3. The black arrows indicate on the strongest peaks from an impurity

phase.
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Table 5.5 Structural parameters for Thg 75Big25RhosCuo 2SCo 203 as obtained from the

Rietveld refinement against powder synchrotron diffraction data.

Atom Site X y z Biso (A% Occ
To/Bi | 4c) 05211(3) 00728(2) 025 0.55(2) 0.75/0.25
RWB | 4(b) 0 0 0 1732)  0.6/0.2
o) | 4c) 0381(2)  0.450(1) 0.25 0.622) 10

0@2) |8@d 03202) 0.216(1) -0.0548(10) 0.43(10) 1.0

Parameter a=5.2792(2), b = 5.7145(2) and ¢ = 7.6430(2) A

R-factors Rp=6.34 %, Ryp=9.60 % and x* = 18.62
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Figure 5.12 Temperature dependence of the lattice parameters for
Tbo.75Big.25Rho 6CuUg 2SCo 203 estimated by Rietveld refinement using X-ray diffraction
data. The temperature dependent variation of the cell volume is fitted to V) =
230.27(3) + 5.1(3)x10° T + 1.5(2)x10° T2,

The lattice parameter distortion, D, octahedral distortion, Ad, and the bond
angles M-O1-M° and M-02-M° for different Thg75A025Rho7CuUo303 and Th;.
«AxRho 6Cup 403 compositions are given in Table 5.6. There is a negative correlation
between the octahedral distortion and lattice parameter distortion for the oxides. The
decrease in Ad for Tby7sCa02sRhe7ClosOs (Ad = 0.52x10%) and
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Tho75Pbo.25Rho7Cug 303 (Ad = 0.12 x 10°), that both have an equivalent content of
divalent type dopants, is indicative of a suppression of the JT distortions due to
octahedral tilting. The decrease in Ad is consistent with the decrease in the M-O-M
bond angles of Thg75Cag25RNe7CuUp303, 141.0(6)° and 145.8(4)° compared to
Tho.75Pbg 25sRho 7CUp 303, 137.7(5)° and 144.5(4)°. Doping Tbg 75Big25Rhp7Cug 303
with a trivalent cation such as Bi®*, results in higher octahedral distortion compared
to divalent doped oxides such as  Thbg7sCap2sRho7Cup303  and
Tho.75Pbg 25Rho 7CuUp 303, possibly due to charge delocalization. Examination of the
structures, refined from synchrotron X-ray diffraction data, show that increasing the
Cu content from 0.15 to 0.2 in Thg75Big25Rh1-2xCuySc,O3 significantly increases the
octahedral  distortion. For  example, the octahedral distortion in
Tho.75Bi0.2sRNp 6CU0 2SCo 203 Ad = 1.71 X 1073, is larger than in Thg75Big2sRh1-
»CUSCO3 (Ad = 5.34 x 10°%). On the other hand, increasing in the Pb content from
0.25 to 0.3 in Thy4PbsRheCug4O3 significantly decreases octahedral distortion.
Since no systematic changes in the M-O-M bond angles were evident for the two
oxides, the decrease in Ad is believed to result from partial oxidation of the Cu®* to

cu®

Table 5.6 Lattice parameter distortions D, octahedral distortions Ad and bond angles
M(Ol)M °and M(OZ)M ° for Tbo_75Ao_25Rho_7CUo_303 and Tbl.xAXRho_GCUo_403.

Compound D (%) Adx10® | M(OLM° M(O2)M°
Tho.75Cag 25Rhp 7CU 303 3.20 0.52 141.0(6) 145.8(4)
Tho.75Pbo.25RNo 7CU0 303 3.45 0.12 137.7(5) 144.5(4)
Tho.75Bi0.25RNo.7CU0.303 3.36 1.11 140.6(3) 141.9(5)
Tho.75Pbo.25RNo.6CU0.403 3.30 0.52 138.5(7) 145.4(5)
Tho.7Pbo 3R 6Clo.4O3 348  0.04 136.8(4)  146.3(4)
Tho 75Bio25Rho7CU0155C01503 | 3.11 1.71 139.3(6) 143.9(4)
Tho.75Bi0.25Rho.sClo.25C0 203 303 534 140.2(5)  146.6(4)

5.2.3 Magnetization
Since the magnetic susceptibilities of the Rh*" and Cu®* ions are both smaller

than that of the Tb®" ion, the observed magnetic susceptibilities of the ThRh.
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xCUO3 oxides are dominated by the contribution from Th**. However, the co-
existence of three magnetic ions in a single lattice commonly results in complicated
magnetic interactions that can be difficult to explain. The magnetization curves of
both the A and B site doped TbRh;.oxCu2O3 series are shown in Figures 5.12 and
5.13 respectively. The magnetic susceptibilities did not show a defined maximum,
and the inverse susceptibilities of all the oxides display Curie—Weiss type behaviour.
Hysteresis loop measurements point towards the absence of any long range magnetic
ordering in the wvarious oxides. The inverse susceptibility plots for the
Tho.75A0.25Rho 7CU0 303 (Figure 5.13) demonstrate that susceptibility decreases by
doping this system with Ca®* and Pb**, but increases by doping with Bi**. The
magnetic susceptibilities of Tb;.«PbyRhosCuo4O3 decreases systematically upon

doping, suggesting partial oxidation of Rh** (4d®) to Rh** (4d®).
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Figure 5.13 The temperature dependence of the inverse susceptibility for
Tho.75A0.25RNo 7CUp 303 and ThyAxRhosCuo 403 recorded under zero field cooling

conditions with an applied field of 5 KOe.

The magnetic susceptibilities for TbRhy7Cup 303 (Figure 5.14) are generally
higher than those for TbRhg;Cup155C01503 and TbRhg7Cug 15201503, possibly
because of the larger Cu content in the former. The effective charge of the cations
and the strong overlap of 3d orbitals with sp? oxygen orbitals B% are expected to
affect on the formal valency of 4d ions, leading to changes in the magnetic and
electronic properties B’ Thus, the relatively small decrease in the magnetic

susceptibility for TbRho7Cuo.15Zno.1505 may be the result of partial oxidation of Th**
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(4 %) to Tb* (4 ) B%. In general, all the A and B site doped ThRhy.,CuxOs5 oxides
have higher susceptibilities than those for the La oxides due to the strong

contribution of Tb 4f electrons.
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Figure 5.14 The temperature dependence of the inverse susceptibility for
TbRhg7Cup 15B0.1503 recorded under zero field cooling conditions with an applied
field of 5 kOe. Magnetization hysteresis loops for the oxides at 5K are also

illustrated.

Linear regression fits to the inverse magnetization curves (Table 5.7) showed
Curie constant (C), susceptibility (yo) and effective magnetic moment (L) for the
Th containing oxides are higher than those for the corresponding La oxides,
reflecting the change in the number of the f electrons. The negative Weiss constant
of all oxides is indicative of very weak antiferromagnetism. However, an
antiferromagnetic transition was not observed at temperature above 4 K. It is
believed that the superexchange interaction between the lanthanoid ions is a
dominant interaction for the formation of antiferromagnetic order in such system P,
Hence, a transition from paramagnetism to antiferromagnetism is expected to occur
at very low temperatures ©!. ThRhO3 exhibits an antiferromagnetic transition below 2
K ! The magnetic susceptibility is affected by the thermally populated excited
states because of the spin-orbit coupling “°. The effective magnetic moments for
Tho.75A0.25RNo 7CU0 303 and Th;.«PbyRhosCuo 403 are higher than calculated for the
appropriate mixtures of Th*" (4f%, S = 3), Rh*" (4d°, S = 1/2) and Cu** (3d°, S = 1/2),
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suggesting spin orbit coupling may be important. The theoretical effective moments

(ucq) can be calculated from the equation p.q; = fz nu? where n and y; are the

mole ratio and the independent magnetic moment of each ion in the compound 4.
The larger magnetic moments of Thg7sPbp2sRho7Cuo30s (9.15 pg) and
Tho.75Big.25RNp 7CU0 303 (9.82 ug) compared to Thg 75Cag 25Rhp 7Cup 303 (8.26 ug) and
TbRho 7Cup 303 (9.57 ug) is attributed to spin orbit coupling. The impact of the lone
pair 6s? electrons of the Ph?* and Bi** on the alignments of the magnetic moments of

the cations may also be important.

Table 5.7 Curie constant (C), Weiss constant (©), magnetic susceptibly coefficient
factor (y,), effective magnetic moment (Uesr) and theoretical magnetic moment (piy)
for oxides of the type Tb1.,AyRh1.2xCuxB,xOs.

Compound O (K) 1y (emumole) C(emu.mole) e (Ms) K1 (Us)
TbRhg7CuUg155C0.1505 -7.3 1.472 79.02 9.26 9.75
TbRhg7Cug303 -8.8 1.315 101.0 9.57 9.79
TbRhg 7CuUg 15ZN0.1503 -8.3 1.289 89.07 9.23 9.79
Tho.75Ca0.25RNe 7CU( 303 -4.7 1.841 39.92 8.26 8.55
Thq.75Pbg 25sRNg 7CUg 305 -7.2 1.456 76.24 9.15 8.55
Thq.75Big.25Rho 7CUq 305 -8.2 1.476 99.54 9.82 8.51
Tb.9Pbo 1Ry CU 403 -3.6 3.820 48.55 104 9.35
Tb¢.gPbo 2Ry CU 403 -7.2 1.670 86.45 9.77 8.85
T 6.75Pg.25RNg 6CUQ 403 -5.1 2.574 66.08 10.2 8.79
Th ¢7Pbg3RhoCuUg 403 9.1 1.334 109.7 9.81 8.74

Unlike the A site doped ThRh;.,CuxO3 oxides, the effective magnetic moments
of the B site doped oxides TbRhg7Cug 15B0.1503 (~ 9.23 to 9.57 pg) were lower than
expected for a mixture of Tb**, Rh*" and Cu?* cations. The magnetic moments of
TbRho 7CU0.15ZN 1503 (9.23 pg) and ThRhy7Cup155€01503 (9.26 pg) suggest that
doping with divalent cation does not have any impact on the oxidation state of Th**.
It is well known that Th®* has a considerably larger magnetic moment (9.72 pg) B
than Th*'(~ 7.94 ug) P*l. The magnetization of the TbRhg;Cug15B01503 oxides
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suggests that the spins of the Rh cations are, weakly, aligned antiparallel to the Tb
ions at low magnetic fields. Previous studies on the magnetic properties of rare earth
rhodium oxides LnRhO; ™! showed the magnetization of TbRhOs;, 8.870 ug is
considerably smaller than the theoretical moments per = 9.05 pg and almost
completely saturates at 70 kOe. This means a magnetic transition at higher magnetic
fields is required to attain saturation magnetization . The hysteresis loops
measurements (Figure 5.14) show that the magnetization of the TbRhg 7Cug 15B0.1503
oxides is enhanced at high magnetic field. In EuTiOs, the spin state can also be
controlled by an applied magnetic field, changing from antiferromagnetic ordering to

ferromagnetic ordering 12

5.2.4 Electrical conductivity

The temperature dependence of the conductivity, in the absence of an applied
magnetic field, shows that all the samples exhibit semiconductor-like behaviour.
Doping with divalent cations generally increases the conductivity, suggesting an
increase in carrier mobility due to the introduction of holes in the band gap as a
result of oxidation of Rh** (3d° to Rh*" (3d°). The electrical conductivity for
Tho75Pbo2sRho7CUg3s0s (1.26 x 10> S.m™) is around 6 times higher than
Tho.75Big.25Rhp 7CUg 303 (16.15 S.m'l) at 300K. Also o390k for TbRhg 7Cug 15Zng.1503
(5.57 x 10? S.m™) was 4 times higher than TbRho7Cug.155¢€0.1503 (1.40 x 10% S.m™).
The electrical conductivity for TbRhg 7Cug15ZNn0.1503 is higher than TbRhg7Cug 303
(1.28 x 10°> S.m™) indicative of a larger Rh*" content in the former, which suggests
the coexistence of Cu®* in the system. The electrical conductivity for Tb.
«PbxRhosCup 403 is generally higher than that observed for TbRhggCug40s.
ThogPbo2RhpsCuUp4O3  has  the  highest  electrical  conductivity and
Tho 7Pbg 3RhysCup 403 has the lowest electrical conductivity among the series. This
possibly reflects either changes in the structure 3!, or the presence of vacancies 4.
Electrical resistance measurements of La;.«PbyFeO3; showed that, with increasing X,
the conductance increased to a maximum at x = 0.2, then decreases to a minimum at
x = 0.32. It is speculated that these trends are a consequences of oxygen vacancies
clustering and electron localization in the structure 4. In general, the magnetic
moment of the oxides does not appear to influence the transport properties of the

oxides.
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Figure 5.15 The Arrhenius plots of In (o) verses inverse temperature for
Tbo 75A0.25RNg.7CUg 303 and Tb14ARhg5Cuq 505 series.

The Arrenhius plot shown in Figure (5.15) gave activation energy for
TbRho7Cup303 of 0.072 eV, which is 75 % higher than that observed for
LaRhg7Cug 303, 0.041 eV. This is likely the result of an increase in the band gap due
to the interactions between the valence shell of the A cations and the nd orbitals of
the B cations. It was found that doping with Bi®* or Sc** results in an increase in the
activation energy from 0.072 eV to 0.131 and 0.100 eV, respectively, whereas
doping with Ca®*, Pb** or Zn** results in a decrease in the activation energy from
0.072 eV to 0.036, 0.031 and 0.060 eV, respectively. Doping by similar cations
generally has a similar effect on the activation energy. Surprisingly, all the members
of Thy4PbsRhosCug 403 series exhibited similar activation energies (0.070+ 0.001
eV), suggesting to Rh** content is independent of the Pb amount. The fact that these
oxides present a similar activation energy suggests that the structural strains caused
by the size misfit of the cations is of the same order of magnitude as the strains
present in the orthorhombic unit cell of Thy.PbRhCu4O3 *®. This agrees with
reports in literature concerning the electrical properties of the defect mixed oxides
Ce.xZrxOz. 1.

5.3.5 Summary
The structural, electrical and magnetic properties of the A and B sites doped
TbRhy.»xCu,Os oxides (A = Pb®** and Bi*"; B= Sc*, Cu®* and zZn*") were

investigated. Compared to LaRhy.»Cu,Os, Th** does not significantly change the
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structural and physical properties. The oxides exhibit an orthorhombic perovskite
structure with space group Pbnm, in addition to semiconductor and paramagnetic
behaviours. The X-ray measurements showed the structures of Th;«PbyRhosCuo 403
and Thg 75Big25Rh1-2xCuxScO3 are distorted at x <0.15 due to the large ionic size
mismatch into A and B sites and possible oxidation of Tb*". The unit cell volumes for
the oxides are somewhat smaller than the analogous lanthanum oxides because the
small ionic size of Tb*. Doping divalent cations into the A or B site generally
resulted in a decrease in the cell volumes. The increase in the cell volumes of the
Tb1.«PbyRhosCuUo4O3 Series is consistent with the doping A site with the larger Pb?*
cation.

Compared with the analogous lanthanum oxides, the magnetic susceptibly was
larger because of the contribution of Th®" 4f° electrons. The substitution of Bi** and
Pb”" into the A site increases the magnetic moments due to the impact of the lone
pair 6s electrons of the two cations on the magnetic moment alignments of Rh and
Cu cations. Doping with divalent cation increases the conductivity, suggesting an
increase in carrier mobility occurs from the oxidation of Rh*" (3d°) to Rh*" (3d°)
which induces holes in the band. The activation energy is generally dependent on the
electron configuration of the ions. The electrical conductivity measurements of Th.
«PbxRhosCup 403 oxides suggest the presence of vacancies in their structure. In
general, the magnetic moments of the oxides are irrelevant to their transport
properties of the oxides where Rh ions make the major contribution to the

semiconductor-like transport properties.
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Chapter 6: Structural Study on AA*(BB*)Os.5 Perovskites

Influence of water on the structure of anion deficient perovskites
AA*(BB")Oss.5 (A& A* = Sr** and Ba®*, B"= Sr**, B = Nb°* and Ta™)

6.1 Introduction

The structure of ordered defect double perovskites of the type A,B BOs s where
Aand B” = Ca®*, Sr*" or Ba®" and B = Sb**, Nb>* or Ta>" are of current interest, since
the mechanism of water interaction and the proton diffusion in the structure are
critical in determining the electrical properties of such systems ™ 2. The title double
perovskites exhibit ionic conductivity ©! and can absorb significant amounts of water
to become proton conductors * 1. Unlike stoichiometric ABO3 perovskites, in which
all the B- type cations are six coordinate, the effective coordination number of the
cations in anion-deficient A,B'BOs s perovskites is reduced from six, so that locally
some B- type cations will be five, or even four, coordinate ®. Water can be
incorporated into the lattice by occupying either the vacancies or nearby interstitial
sites. The site which the incorporated water occupies will be dependent on the
differences in the coordination tendencies of the B” and B cations ).

The typical crystal chemical effects observed in the A,B"BOss oxides include
B-cation ordering ! and/or structural distortions approximated by rotation of the
nearly rigid BOs octahedra [®!; both effects are known to substantially influence the
properties of these oxides [ °. A common approach to tune the structure of
perovskites is substitution of the cation at the octahedral site forming oxides of the
type, AB1.B ,Os. In situations where x ~ 0.5 and when the size and/or charge of
these two cations are sufficiently different the materials exhibit a 1:1 ordering of the
two B-site cations, with alternating layers of the BOg and B Og octahedra along the
[111] axis of the cubic cell, leading to a doubling of the unit cell lattice parameter ™
"W The A site cations occupy every void that exist between 4 BOg and 4 B'Og
octahedra resulting in a three-dimensional arrangement that has the same topology as

o 1 12

that of the anions and cations in the rock-salt structur . In the non

stoichiometric A,B'BOss oxides, B-site ordering has been reported where the two
nominally octahedrally coordinated cations display a rock-salt like ordering 3.
Recently, the average and local crystal structures of the perovskites

Sr,MShOss (M = Ca®", Sr** and Ba®") have been reported ** 1. These adopt a faced
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centred cubic double perovskite structure with space group Fm3m and exhibit 1:1
cation ordering. An unusual feature of these oxides is the presence of a displacive
disorder of both the A site cations and oxygen anions ™. Representation of the

structure of Sr,MSbOs 5 is shown in Figure 6.1.

Figure 6.1 Representation of the structure of Sr3SbOss obtained from the
refinements against neutron diffraction datal*®). The small red spheres are the
oxygen anions, and the tan octahedra are the SbOg groups. The large green spheres
represent the Sr cations, and the associated disordered SrOg groups. The unusual

shape of the overlapping spheres is a consequence of the displacive disorder.

In addition these oxides display anomalous thermal expansion of the lattice
parameters as a consequence of local clustering of the vacancies and/or the anions
with absorbed water molecules ™. Studies of the local structure using pair
distribution function (PDF) analysis of the neutron diffraction data showed that the
SbOy polyhedra adopt distorted trigonal bipyramids as a consequence of movement
of oxygen into interstitial positions. This increases the coordination number of the B
site cation from 5 or 6, to 6 or 7, and decrease the A site coordination number from
12 to 11. It is postulated that the movement of the oxygen into the interstitial sites is
coupled with large displacements of the A and B site cations and, for M = Sr**, 450
rotations of the SbOy polyhedra ™. The two previous neutron diffraction studies
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provided no evidence for long range ordering of the oxygen vacancies in the

structure but clearly a considerable amount of short range ordering does exist 1> ¢!,

6.1.1 Aims and Objectives

In the present work, a new method for creating oxygen vacancies in the
perovskites structure was investigated. The methods studied were based on solid
state reactions but used different slurry medium, namely acetone and water. The
purpose of the solvents is to enhance the homogeneity of the mixtures, and to create
dry and wet media for the initial reaction. The main aim of the study is to investigate
the impact of an aqueous slurry medium on the structural characteristics of the Ba,.
Sr14xB0s5 (B = Nb>* and Ta>*, x = 0, 1 or 2) perovskites.

6.1.2 Methodology

The preparation of samples involved different stoichiometric compositions of
Nb,Os or Ta,Os (Aldrich, 99.99 %) and SrCO3; or BaCOj3 (Aithaca, 99.98 - 99.99 %).
The mixtures were initially ground, as either an acetone or aqueous slurry, and
preheated at 850 “C for 12 h, and then reground and heated at 1100 ‘C for 48 h. The
crystallography of the samples was monitored by X-ray powder diffraction. Variable
temperature powder X-ray diffraction data were collected on a PANalytical X’ Pert
X-ray diffractometer using Cu Ko radiation and a PIXcel solid-state detector.
Temperature control was achieved using an XRK 900 reactor chamber, operating
under a vacuum of 10 Torr.

Room temperature synchrotron X-ray powder diffraction data were collected
over the angular range 5 < 26 < 85°, using X-rays of wavelength 0.82518 A on the
powder diffractometer at the Australian Synchrotron 7. For these measurements
each sample was housed in a 0.3 mm diameter capillary. The structures were refined
using the program RIETICA [ The peak shapes were modelled using a pseudo
Voigt function. Neutron powder diffraction data were measured at 293 K using the
high resolution powder diffractometer, Echidna ¥, at the OPAL facility (Australian
Nuclear Science and Technology Organization) at a wavelength of 1.6220 A.

Thermal gravimetric analysis was conducted using a TGA 2950. The data
were recorded under atmosphere of pure N, in order to examine weight loss under
inert condition. Samples were analysed up to a maximum temperature of 800 'C

using a heating rate of 10 ‘C per minute and purge rate of between 40 and 60
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mL/min. The microstructure of the powder samples was examined by scanning

electron microscopy using a Intellection Quemscan.

6.2 Results and discussion: AA*(B B*)Oss

Attempts were made to prepare eight compounds of the type AA*(BB*)Oss
where A, A*and B" = Sr’* or Ba** and B = Nb**" or Ta>" using both acetone and water
during the mixing stages. Only four oxides were successfully obtained as single
phases namely Ba,SrNbOs s, BaSr,NbOs 5, SrsNbOs 5 and BaSr,TaOs 5 and those all
had a faced cubic structure. Other compositions yielded either impure samples, e.g.
“Ba,SrTaOs5” or they were disordered in an orthorhombic structure e.g. Ba3zTaOs s.
These structures were possibly distorted due to hydration of the samples . The
oxides could be described as AA*(BB")Os5.n.H,O to reflect the presence of water in
the lattice. For simplicity, the lattice water is neglected when writing the chemical
formula. In general, the tolerance factor (t) of the studied perovskites was found to

be less than unity indicating a significant underbonding of the A-site cation. The
RA+R0

—ATT0  [21]
V2 (RatRo) where Ry, Rp and

tolerance factor of a perovskite is defined as T =

R, are the ionic radii of the 12-coordinate A site and 6-coordinate B site cations and
the oxygen ion. Accordingly, and assuming random occupancy of the B sites by Sr
and Nb(Ta), T was estimated to be 0.926, 0.900 and 0.873 for Bay(SrNb)Os s,
BaSr(SrNb)Os s, Sro(SrNb)Os 5 respectively, and for BaSr(SrTa)Oss t = 0.900. The
decrease in the tolerance factor from 0.926 to 0.873 can be associated with formation
of highly strained structures, where the local, coordination environment is different
from the average crystal structure of the oxides [*°.
6.2.1 Visual Inspection

Visually, it was observed that the colour of the powdered compounds obtained
using either acetone or water during the mixing is slightly different. For example,
powders of Ba,SrNbOs 5 are dark yellow when prepared using acetone whereas it is
light yellow if water is used in the initial mixing. The hardness of the powders was
found to be dissimilar; generally samples are much smoother after mixing with
water. SEM analysis also revealed that the particle sizes were not equal. These
surprising observations indicate that the presence of water in the initial stage of the
reaction leads to larger crystallites and this is probably the basis for the differences in
appearance and texture. Figure 6.2 demonstrates, as an example, SEM images for
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BaSroNbOss and BaSr,TaOss. The grains are monophasic and apparently free of
impurities, as confirmed by EDX analysis. The quantitative element analysis
indicated that a chemical composition is consistent with the expected stoichiometry.
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Figure 6.2 Scanning Electron Micrograph images for BaSr,NbOs s and BaSr,TaOs 5

obtained using either acetone or water during the mixing.

6.2.2 Crystal Structure

The synchrotron X-ray powder diffraction patterns of the oxides exhibited
strong (111) reflections indicative of 1:1 ordering of the B-site cations. The (111)
reflections were stronger in SrsNbOss and BaSr,TaOss than in Ba,SrNbOss and
BaSr,NbOs 5 oxides, suggesting a high degree of order in the former oxides. The
solid state chemistry of Ta>* and Nb°" are generally believed to be similar, so it is
reasonable to expect BaSr,TaOs s will display similar behaviour to BaSr,NbOss. In
X-ray diffraction, the former has the advantage that there is significant X-ray
contrast between Sr (Z = 38) and Ta (Z = 73) and this will allow the two cations to
be distinguished by XRD. The same cannot be claimed for Sr** and Nb>* (Z = 41),
which are isoelectronic. The higher degree of 1:1 ordering for SrsNbOss and
BaSr,TaOs 5 can be attributed to the size mismatch between the A and B site cations

(2] moderated by the time and temperature of annealing. BaSr,TaOss was annealed
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for 72 h at 1100 °C in order to obtain a single phase sample. The effect of the time
and temperature of annealing on cation ordering has been extensively investigated in
many studies. For example, studies of the evolution of ordering in the
(0.85)Ba(Zny/3Tay3)03—(0.15)BaZrO; and Pb(MgysTaz3)03-PbZrOs solid state
solutions showed that the supercell peaks strengthen and sharpen with the anneal
time and temperature reflecting the growth of the ordered domains %> %1, A recent
study of Ba,YTaOg showed heating the oxide for 100 h at 1400 °C results in the
growth of the various reflections such as (111) reflections in the XRD patterns
demonstrating the onset of long range ordering of the Y and Ta cations 4. It has
been observed that the structure of Ba,YTaOg is very sensitive to the preparative
method employed with prolonged heating necessary to induce long range ordering of
the B site cations 141,
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Figure 6.3 The observed synchrotron X-ray diffraction profiles for the AA"(BB")Oss

0= 8.6054(1) A

samples obtained using acetone during the mixing. The arrow shows the position of
the (111) reflections.
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Figure 6.3 illustrates the observed synchrotron X-ray diffraction profiles for
the four AA"(BB*)Oss samples obtained using acetone during the mixing. No
splitting or asymmetry of the cubic reflections was detected in the diffraction
patterns indicating the structures were all cubic, and the appropriate space group was
Fm3m. As expected, the cell size increases as the size of the A- type cation increases
from 8.3255(1) A for SrsNbOs 5 to 8.4599(1) A for BaSr,NbOs 5 and 8.6054(1) A for
Ba,SrNbOss. Ba?* (12 coordinate ionic radius, 1.61 A) ®! has a larger ionic size than
Sr**(1.44 A) ). The lattice parameter for SrsNbOs s is similar to that reported by
Animitsa et al (a = 8.3123 A) ! who demonstrated the Nb cations to be
pentavalent. The small differences in the values can be attributed to the differences
in the preparation method of the samples and/or the incorporation of water. The cell
edge of the BaSr,TaOs s, 8.4539(6) A, is similar to that of the Ba,SrNbOs 5 reflecting
the similarity in the ionic radii of Nb>* (6 coordinate ionic radius. 0.64 A) and Ta>*
(0.64 A) ! The materials are formulated as above in order to emphasize the
ordering at the B site between the Sr and (Nb, Ta) cations. In the double perovskite
structure, it is anticipated that the two smallest cations will order in the octahedral
sites, this ordering being a consequence of the differences in the size and/or charge
between the two cations ). The largest cation will then occupy the 12-coordinate
(cuboctahedral) site. The corresponding ionic radii of Ba®* (12 coordinate ionic
radius, 1.61 A and 6 coordinate ionic radius. 1.35 A) ®!: Sr** (1.44 and 1.18 A),
Nb®* (6 coordinate ionic radius. 0.64 A) ® and Ta>* (0.64 A) [*! cations suggest
that the (Nb°*, Ta®") and one Sr** cation will occupy the 6-coordinate sites whereas
the Ba®* or a mixture of Sr** and Ba** will occupy the cuboctahedral sites.

The Rietveld refinements, using synchrotron X-ray powder diffraction data,
confirmed the ordering of the two B- site cations and established the distribution of
these. Refinement of the structure of BaSr,TaOss (acetone), assuming Sr only

occupies the octahedral sites gave R, = 3.21 % and Ryp = 4.77 %. The fractional
positions were A (i, i, i), B (0, 0, 0), B (%, % %) and O (x, 0, 0) with x ~ 0.25.
Refinements where the Sr and Ta were allowed to disorder over the two appropriate
sites (anti-site disorder) did not significantly alter the quality of the fits R, = 3.15 %
and Ryp = 4.63 % and indicated less than 3 % of the Ba was mixed in the octahedral
site. Figure 6.4 illustrates the Rietveld refinement profiles for the ordered model of

BaSr,TaOss. The pattern contains a number of weak and somewhat broadened
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reflections that are more pronounced at low angles originating from traces of a
second perovskite phase. Consequently, a two phase model was utilized where the
major phase was in Fm3m and the minor phase in Pm3m where the cations were
disordered over the two sites appropriate to the stoichiometry. The refinements of the
structure of SrsNbOss, BaSr,NbOss and Ba,SrNbOs 5 yielded comparable fits, and
gave R, = 5.50, 6.91 and 3.66 % and Ry, = 9.55, 13.15 and 5.45 % respectively. The
refinements also suggest that less than 4-6 % of Sr and Nb cations were mixed over
the two 6 coordinate sites. The refined oxygen occupancies in the all structures
provide evidence for the non stoichiometry. The oxides obtained using water during
the mixing were found to have similar atom distributions to those made by using
acetone suggesting that, as expected, the reaction media had a little impact on
ordering. Table 6.1 presents the results of the structure refinement of the
BaSr,TaOss.
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Figure 6.4 Synchrotron X-ray diffraction profiles for BaSr,TaOss (acetone). The
data are represented by the crosses and the solid lines are the calculated and
difference profiles. The positions of the space group allowed reflections are shown
by the vertical markers immediately below the observed profile. Upper marks are
from the major phase and lower marks for the minor Pm3m phase. A representation

of the ordered BaSr,TaOs s structure is also included.
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Table 6.1 Structural parameters for BaSr,TaOss as obtained from the Rietveld

refinement against powder synchrotron diffraction data.

Atom  site X y z Biss (A%  Occupancy
Major Phase Fm3m a = 8.4539(6) A Z=8
Ba/Sr  8(c)  0.25 025 025 397(3)  05/05
St 4(@a) 0 0 0 4.90(5) 1
Nb  4(b) 0.5 0.5 05  0.30(1) 1
O  24() 02741(5) O 0 5742)  0.92(2)
Minor Phase Pm3m a=4.2154(1) A Z=1
Ba  1(b) 0.5 0.5 05  0.33(16) 1
Nb  1(a) 0 0 0 0.10(11) 1
0 3(b) 0.5 0 0  7.53(15)  0.71(3)
R- factor Rp=3.15 %, Ryp=4.63 %, y* = 8.93.

The lattice parameters of the oxides were found to be slightly dependent on the
synthetic methods. Table 6.3 provides the values of lattice parameters, unit cell
volumes and x coordinate of the oxygen for the different compositions. The cell
volumes are slightly higher where water was employed in the reaction than in the
acetone treated samples. This result corresponds to the effect of water on the oxides
texture (see Section 6.2.1) where the grain sizes and the cell volumes increased by
adding water to the initial reaction. It is thought that in these samples the absorbed
water interacted with the framework oxygen resulting in small displacements of the
atoms. Water has often had a strong influence on the physical and chemical
properties of alkaline earth perovskites ). In many cases such as MgSiOz !, water
can be used to produce samples with large grain sizes and allows homogeneous
crystal growth for the oxide B%. Water content is known also to influence the

transformation boundary of MgSiO; %321,
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Table 6.2 Lattice parameters (a), unit cell volumes (V) and x coordinate of the
oxygen for different compositions of AA"(BB")Oss as obtained from the Rietveld
refinement against powder synchrotron diffraction data.

Formula a(A) V (A% X
Ba,SrNbOs 5 (acetone) 8.6054(1)  637.263(1)  0.2773(5)
Ba,SrNbOs 5 (water) 8.6060(1)  637.381(1)  0.2806(6)
BaSr,NbOss (acetone) 8.4599(1)  605.476(2)  0.2706(8)
BaSr,NbOs 5 (water) 8.4733(5)  608.554(7)  0.2725(5)
SrsNbOss (acetone) 8.3255(1)  577.341(1)  0.2897(4)
SrsNbOss (water) 8.3280(4)  577.784(5)  0.2892(4)
BaSr,TaOss (acetone) 8.4539(6)  604.186(1)  0.2729(6)
BaSr,TaOs 5 (water) 8.4803(4)  609.955(6)  0.2708(5)

Since the structural refinement using the XRD data did not locate the light
oxygen atoms with certainty, neutron diffraction was employed to better describe the
position of oxygen atoms and to aid in the refinement of any non-stoichiometry.
Neutron diffraction data were collected for the two samples BaSr,NbOs 5 (water) and
BaSr,TaOss (water). Compared to other oxides studied this pair, displayed a
significant difference in the cell volume between the two synthetic methods. A
striking feature of the neutron diffraction profiles for BaSr,NbOs s and BaSr,TaOs s
is the presence of diffuse intensity in the form of a modulated background (Figure
6.5). Since there is only one anion site in the ideal structure it is not possible to have
an ordered arrangement of the anion vacancies. The diffuse structure was not
apparent in the X-rays profiles suggesting that the modulated background is
associated with disorder of the lighter atoms. The disordered phase evident in the
synchrotron profiles of BaSr,NbOss and BaSr,TaOss was not observed in the
corresponding neutron profile, presumably as a result of the lower peak width

resolution of the neutron profiles.
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Figure 6.5 Neutron diffraction profiles for Ba,SrNbOss (water) and BaSr,;TaOss
(water). The data are represented by the crosses and the solid lines are the
calculated and difference profiles. The positions of the space group allowed
reflections are shown by the vertical markers immediately below the observed

profile.

The observed backgrounds are similar to that reported by Zhou et al. for
BaSr,ShOss ™!, who established, from neutron diffraction measurements, that such
background has no obvious correlations with the presence of adsorbed water or non
stoichiometry in the structure, but were a consequence of disorder of the lighter
atoms. A similar observation was also reported by King et al. for the same
compound . King and co-workers concluded that such modulation must be related
to the presence of disorder in the oxygen anion sites. Short-range correlations
between atoms displacements can give rise to the modulated diffuse background ™°.
Accordingly, the refinements of the structure of BaSr,NbOss and BaSr,TaOsgs
against the neutron diffraction data were performed using the same model suggested
by Zhou et al. ™ where the Ba(1), Sr (1) and oxygen were disordered at the
cuboctahedral and anion sites respectively. As found by Zhou et al., the refinements

showed evidence for A cation and anion displacive disorder in the two oxides
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structures. Neutron diffraction studies of the corresponding dehydrated materials

may be of interest.

Table 6.3 Results of the structural refinements for BaSr,NbOss (water) and
BaSr,TaOs 5 (water) using neutron powder diffraction data.

Atom X y z Bixs A%  Occ
Ba/Sr(1) | 0.264(5) 0.264(5)  0.264(5)  4.91(89) 1
| s 0 0.028(3)  -0.028(3) 0.13(99) 0.76(1)
9: Nb 0.5 0.5 0.5 3.48(15) 1
% O(1) | 0.2725(4) 0 0 3.76(10)  0.71(1)
m 0(2) 0 0.164(1)  0.164(1)  0.60(40) 0.08(1)
R- factors R, = 3.82 %, Ryp = 4.87 %, y° =151
Ba/Sr(1) | 0.2736(8) 0.2736(8) 0.2736(8)  3.20(29) 1
Sr(2) 0 0.033(2) -0.033(2) 1.76(74) 0.77(1)
g Ta 0.5 0.5 0.5 1.97(08) 1
=
§ O |4 708 ©) 0 0 3.90(10) 067(1)
0(2) 0 0.169(1)  0.169(1)  3.88(54) 0.09(1)
R- factors Rp = 3.41 %, Rup = 4.46 %, y° = 1.45

As summarised in Table 6.3, a (011) displacement of the 4a cation at (0, 0, 0)
onto a 48i site at (0, y, -y) with y ~ 0 was evident and such displacement gave an
optimal fit to the neutron data. The occupancy of the 48i site was refined and gave
the required stoichiometry. Examination of the Fourier maps generated by Rietica
revealed the presence of nuclear density near 0 1/6 1/6, corresponding to a 48h site in
Fm3m. The Fourier transform is a useful probe in the crystallography since the
difference map can be used to locate missing atoms in a crystal structure B3 The
Fourier difference maps provided evidence for the presence of the protons (water) in
the structure as suggested by TGA analysis (see below). The anion disorder observed
in Ba,SrNbOs 5 and BaSr,TaOs s is similar to that described for BaSr,SbOs s ™ and
SrsNb,Og B, In the BaSr,NbOs 5 and BaSr,TaOs s, the displacement of the A-cations
occurs in the absence of long-range tilting of the BOg octahedra. The measured

neutron and synchrotron X-ray diffraction profiles show no evidence for superlattice
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peaks associated with tilts. The absence of tilting in some related anion deficient
perovskites was previously described by Levin and co-workers for SrsNbOs s ! and
by Zhou et al. for BaSr,ShOs s ) who concluded that the bonding instabilities of the
A-site cation can be sufficiently relieved by both, displacive disorder of the cations
and the anion vacancies, effectively removing the need for tilting. The refined
occupancies (Occ) of the O(1) and O(2) site correspond to the stoichiometry of
Ba;SrNbOs 231y and BapSrTaOs 141). The occupancies of oxygen are smaller than
expected because oxygen mobility evident by the modulated background impacts on
the effective nuclear density of the corresponding site. Oxygen anions in defect
perovskites can be mobile, giving rise to oxide ion conductivity .

The calculated bond distances of Nb-O (1.9275(1), 3.1671(1) A) and Ta-O
(1.9438 (1), 3.1535 (1) A) are similar to that reported for Sb-O in BaSr,SbOss
(1.966(1) and 3.161(3) A) *®! suggesting these oxides may have a similar local
structure to BaSr,SbOss. The PDF study of King et al. showed that in BaSr,SbOs s,
the ShOs polyhedra form distorted trigonal bipyramids as a result of two of the
oxygen atoms moving into interstitial sites. This results in an increase in the local
coordination environment of the B - site from 5 or 6 to 6 or 7 and a decrease in the
coordination number of the A - site cation from 11 to 10 *®!. The pair distribution
function (PDF) analysis method is a powerful tool for the study of local structure in
both crystalline and non-crystalline materials . It involves the direct model free
Fourier transformation of X-ray or neutron powder diffraction data and gives the
probability of finding any two atoms at a given interatomic distance =%, In an atomic
PDF that distribution appears as a sequence of peaks starting at the shortest and
continuing up to the longest distinct atomic pair distance a material shows 2¢. The
areas under the PDF peaks are proportional to the number of atomic pairs occurring
at the respective distances and the widths of the peaks to the root mean square

scatter, Uj;, about those distances. In particular, the full width at half maximum of a

PDF peak equals 2 Uj; v/2In2 where i and j denote the particular atomic pair type.
The atomic root mean square scatter amplitudes may be dynamic (e.g., thermal) or
static (e.g., due to strain) in nature reflecting correlated or uncorrelated atomic
motion B, The average A-O1 and A-O2 bond distances of BaSr,NbOss (3.0927(1)
and 2.5039(1) A) and BaSr,TaOss (3.1582(1) and 2.4876(1) A) are higher than those
reported for BaSr,SbOs5(2.991 and 2.311 A) which is consistent with the increase in
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the relative ionic radii of the B site cation. The displacements of the cations from
their ideal positions plays an important role in determining their electrochemical
properties 271,

6.2.3 Thermal analysis

Thermal analysis measurements (TGA and VT-XRD) demonstrate a weight
loss and an unusual thermal expansion upon heating for the oxides prepared using
water during the mixing. Figure 6.6 shows the thermal decomposition curves of
BaSr,NbOs5.nH,0 and BaSr,TaOs5.nH,0 in the temperature range 30-600 °C and
under a nitrogen atmosphere. These measurements were performed immediately

after sample preparation.
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Figure 6.6 Thermogravimetic curves for BaSr,NbOss.nH,O and BaSr,TaOss.nH,0O

under a nitrogen atmosphere.

The initial weight loss for both samples at temperatures of < 100 °C is
believed to be due to the loss of chemisorbed water. That this occurs below 100 °C
reflects the use of a dry N, atmosphere in the measurements. The observed weight
loss near 550 °C is indicative of the removal of the water molecules that occupied
the nominally vacant anion sites. At higher temperature, the sample weight is
essentially constant demonstrating that all the water is lost from the lattice by ~ 600
°C. From the TGA measurements, n in BaSr,NbOss.nH,O and BaSr,TaOss.nH,O
were found to be 0.30 and 0.10 moles per formula unit respectively. The inclusion of
water in the oxides suggests the possibility of proton conduction, which might be

lost at high temperatures as consequence of the loss of water. BaSr,TaOs5.0.1H,0

178



Chapter 6: Structural Study on AA*(BB*)Os.5 Perovskites

has a smaller water content than BaSr,NbOs5.0.3H,0 possibly due to differences in
the annealing time used in the preparing of the two samples or differences in the
samples morphology that enable more rapid incorporation of water.
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Figure 6.7 Thermogravimetic curves for BaSr,NbOss.nH,O and BaSr,TaOss.nH,0O

under an oxygen atmosphere.

Heating the samples under oxygen (see Figure 6.7) after the samples had been
stored for several days showed at least three events are present and these appear
different to that observed under nitrogen atmosphere for the freshly prepared
samples. In particular, it was found that heating the samples under oxygen decreases
the main event corresponding to the removal of water temperature from ~550 to 250
°C suggesting that the mechanism of water release from the structure is very
sensitive to the surrounding atmosphere. At temperatures > 250 °C, the samples
display gradual weight loss suggesting a considerable amount of CO, may be present
in structure. This is a consequence of the reaction of the CO, from the atmosphere
with the sample during storage. IR measurements of the samples showed evidence of
the growth of 1500-1400 cm™ peak with the storage time indicative of the formation
of COs* in the structure. The presence of CO, in the sample may disrupt the H-
bonding between the absorbed water and lattice anions. The changes evident upon
storage are likely to preclude use of the materials in practical devices. Perovskite
oxides of composition A,B"BOss such as Sry..CayFeqsC0qs03.5 Were extensively

investigated for CO, absorption properties and were proved to be useful as materials
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for CO, absorption in wide temperature range 2& %, During the absorption of CO,, a
spinel compound can be formed according to the following reaction:
2(Sr,Ca)(Fe,C0)0,5 + CO, — (Sr,Ca)CO3 + (Sr,Ca)(Fe,C0),0, P It is stated that
perovskite oxides with lattice oxygen vacancies, which are produced at high

temperature, easily absorbed CO, .
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Figure 6.8 Temperature dependence of the cell volume for BaSr,NbOss.nH,O and
BaSr,TaOs5.nH,0. The red circles are the results obtained during the heating cycle
and the blue circles those during cooling. The sample vacuum was 1 x 10 Torr

during the measurements.

Variable temperature XRD (VT-XRD) data reveals a possible mechanism of
the water interaction with the material. As shown in Figure 6.8, initial heating results
in normal thermal expansion of the unit cell volumes of BaSr,NbOss.nH,O and
BaSr,TaOs5.nH,0 in which both the A-O and B-O distances increase. Between 250
and 350 °C, the cell volumes decreases as a result of water loss. Above 350 °C, the
heating, again, results in normal thermal expansion suggesting total removal of the
lattice water. Recall that the XRD measurements were performed under vacuum
whereas the TGA analysis was under a N, atmosphere. The importance of water is

reflected in linear thermal contraction upon cooling. A similar observation has been
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reported for the Sr,MShOs 5 (M = Ca*, Sr** and Ba?*) system ™. In this earlier work
it was stated that a combination of local clustering of the anions and vacancies
together with water—water and water—host hydrogen bonds plays a role in defining
the volume of the encapsulated water clusters and that changes in the local structure
upon heating result in the anomalous thermal expansion observed in variable
temperature diffraction measurements ™. In that work, the temperature at which the
cell size begins to decrease upon heating was found to be dependent on the size of
the cation and increases in the order Ca < Sr < Ba [**). The movement of the oxygen
into the interstitial sites is also thought to be important since this is coupled with
large displacements of the A- and B-site cations and gives a broad distribution in
bond lengths °!. Figure 6.9 demonstrates the variation of A-O, B-O and O-O bond
distances of BaSr,NbOss.nH,O and BaSr,TaOss.nH,O during the heating process.
The anomalous thermal expansion of the bond distances observed in temperature
range 200-300 K is correlated with the loss of water lattice. The use of X-ray
diffraction methods in determining metal-oxygen bond distances limits the precision
of the results and it is not practical to establish if both the AO, and BOy polyhedral

expand continuously.
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6.2.4 Summery

The impact of changing the conditions used to prepare some perovskites of the
type AA'(BB")Oss was investigated. The oxides were prepared using acetone and
aqueous solvents as media of the reactions. The two synthetic methods produce
monophasic powders that differ in color, particle size, and hardness. It is found that
mixing water with reactants influences the morphology and the texture of the oxides
resulting in yellowish color, larger grain size and rougher surfaces. All the oxides
form a cation ordered double perovskite structure and have a Fm3m cubic lattice
arrangement. There is no evidence for cation mixing between the A and B sites. The
compounds obtained by reaction with water have larger cell volumes than those
obtained by reaction with acetone. This suggests a role of hydrogen bondings of
water with the oxygen lattice. The neutron diffraction profiles for Ba,SrNbOs s
(water) and BaSr,TaOss (water) showed the presence of diffuse structure as a
consequence of disorder of oxygen atoms. The structural refinements provide
evidences for anion deficiency and a displacive disorder of A cations into the
structures. The oxides demonstrate a weight loss upon heating due to the presence of
water within the structures. TGA analysis and IR measurement suggest a trace
amount of CO, atmosphere can be absorbed during storage. The observation of
unusual thermal expansion of the unit cells is explained by the presence of water and
vacancies in the structure. It is believed that the movement of the oxygen into the
interstitial sites results in large displacements of the A- and B-site cations and broad
bond length distribution. There is the possibility of proton conduction which would

be reduced at elevated temperatures as consequence of the loss of water.
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Appendix

APPENDIX

The data presented in this appendix is contained on the compact disc on the
inside back cover of this thesis. That includes all the data and input files for the X-
ray, synchrotron X-ray and neutron powder diffraction patterns utilized during this
thesis. These can be read using the programme Rietica. The data of the XANES
magnetic and electrical measurements are also included. These can be accessed using
Athena programme or commonly available programme Origin. The folders and
subfolders containing the data are classified according to the technique used and the
chemical compositions of the oxides. The data contained on this compact disc
represents a record of the majority of the work presented in this thesis and every

attempt has been made to ensure it is presented in a consistent and clear manner.
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