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ABSTRACT

During the course of this research work, the physical properties of twelve
mixed-valence manganites have been investigated and compared. Upon em-
barking on this project, the prospect of incorporating these newly re-discovered
”colossal magnetoresistance” materials in future device applications, provided
the impetus for determining which principal factors govern their ferromagnetic
ordering temperatures, T, and thus optimising this value through judicious
chemical substitution.

The original sample set for this investigation comprised sixteen polycrys-
talline, ceramic manganites, (A;—zA’;)MnO;, (A = La®**, Nd*+, Pr®*, Sm?®*;
A’ = Ca?*, Sr?*, Ba?t, Pb?t), where x = 0.3. This doping fraction yields the
strongest ferromagnets from the palette of magnetic structures which consti-
tute the colourful phase diagram. The samples were prepared using a stan-
dard solid state reaction method. A sol-gel synthesis route was also explored.
X-ray diffraction established the crystal structure and phase purity of the sam-
ples, whilst X-ray fluorescence confirmed the nominal stoichiometry of all com-
pounds, with the exception of the Pb?* substituted compounds, which were
deemed lead deficient; (Lag7Pbo.1s)MnOgz, (Pre7Pbg.o7)MnOs, (Ndg7Pbg.10)MnO;
and (Smg 7Pbgo2)MnOs were subsequently omitted from further studies.

The transport properties of the twelve remaining manganites were exam-
ined through measuring their resistivity as a function of temperature, p(T'), in
the range 15 K to 300 K. Two distinct behaviours emerged: four of the com-
pounds studied showed an activated conduction mechanism down to lowest
temperatures, whereas the remainder exhibited a transition from an activated
conduction mechanism to a "metallic” state as the temperature was lowered.
For all twelve samples the data in the activated conduction regime varied as
T-%, thus supporting a variable-range hopping (VRH) model of current trans-
port. Based on these experimental observations a new theory of electron lo-
calisation was formulated, which introduced random, spin-dependent potential
fluctuations of magnetic origin into Mott’s VRH theory. Values of the den-
sity of states, deduced from specific heat capacity measurements - N(Ep)~ 3 x
102m~3eV~! for (Lag7Sro3)MnO; - were incorporated into the model, yield-
ing physically plausible room temperature localisation and hopping lengths.
This magnetic localisation theory has since been superseded by theories of
small magnetopolaron formation due to the dynamic Jahn-Teller effect, and
the VRH behaviour is currently attributed to extrinsic effects such as electron
tunneling through grain boundaries The merits of these various models are
discussed with reference to the measured data.

Analysis of the samples’ magnetic structure forms the bulk of this research
work. The variation of low field (80 A/m) ac-susceptibility in the temperature
range 5K to 300K represents the first such systematic study of the manganese
perovskites. The measured data elicits the ordering temperatures of the com-
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pounds which were found to correlate with their crystal structures. The en-
hanced Curie constants measured for all twelve samples can be attributed to
short-range ferromagnetic correlations in the paramagnetic phase, providing
new experimental evidence for cluster formation above T¢. ,

The magnetisation measurements conducted at 4.2K in a steady applied
field ranging up to 23T, provided a wealth of information about the vary-
ing magnetic ground states of the twelve oxides under study. Whereas the
negligible high field slope measured for (Lag7Sro3)MnO; confirms the strong
ferromagnetic nature of this compound, the ground state of (Pry7Cag3)MnOs
does not appear to be ferromagnetic, and is presumed to be charge-ordered.
Moreover, although the first transition shown by the latter compound at 5T
has been widely observed (in pulsed field measurements) a further first-order
magnetisation process exhibited at 6T has never been previously reported. A
subsequent calculation of the crystal field interaction at the rare-earth site
convincingly attributes this second transformation to level crossing transition
of the lowest lying Pr®* crystal field levels. The magnetisation of this in-
triguing compound and that of (Ndg7Cag3)MnO; - also believed to be partly
charge-ordered - was further investigated by a 25T pulsed field measurement
at 4.2K and 77K. The relaxation and hysteresis observed for both samples is
quantitatively discussed. This study of the manganites’ magnetic propeties
coucludes with a discussion of the rare-earth and manganese sublattice cou-
pling n the Nd containing compounds, with reference to the X-ray magnetic
circular dichroism spectra measured for these three samples.

The influence of oxygen stoichiometry on the physical properties of the
end-member, LaMnQOj is considered in the penultimate chapter of this work.
Resistivity, ac-suscetibility and magnetisation data measured for LaMnOj; and
(LaMn)g.9503 polycrystalline, ceramic samples are presented and discussed.

This study confirms that the maximum ferromagnetic ordering temperature
obtainable through chemical substitution or varying the oxygen stoichiometry
of the manganites is achieved for (Lag7Sro3)MnO;. The measured Curie
temperature of this manganese perovskite, Tc ~ 370 K, is exceeded by that
of SryFeMoQg - a "double perovskite”. A preliminary study of the crystal
structure, transport and magnetic properties of this compound, in addition
to those of CasFeMoOg and BayFeMoOg, comprise the final chapter of this
thesis, which in view of the stated objective represents both a conclusion and

introduction.



Chapter 1
Introduction

The discovery of high-temperature superconductivity in copper-based oxides
earned Bednorz and Miiller the 1987 Nobel Prize for Physics. This "impor-
tant breakthrough in the discovery of superconductivity in ceramic materials”
prompted a surge of scientific interest in the properties of such transition metal
oxides.

During the mid 1990’s, the expertise honed through the preparation and
characterisation of superconducting cuprate ceramics and thin-films was ap-
plied to the structurally related manganese oxides. The consequent discovery
of a negative magnetoresistance effect of unprecedented magnitude [1] raised
expectations of a new generation of magnetic devices and sensors, and cap-
tivated the global condensed matter research community [2] [3] [4] [5]. The
mixed-valence manganese perovskites, although not superconducting, exhibit a
colourful spectrum of crystallographic, electronic and magnetic phases. Their
chemical flexibility offers a laboratory within which, the fine balance of inter-
actions which together determine the electronic ground states, can be system-
atically studied.

However, unlike the brain-child of Bednorz and Miiller, the manganites are
not a new discovery. On the contrary, their properties have inspired scientific
research for the past 50 years [6]. This first chapter serves to introduce the
physics, accumulated to date, which pertains to this study of the mixed-valence
manganese perovskites; a more detailed treatment of the relevant theory is
presented where applicable in subsequent chapters.

Figure 1.1 The ideal cubic perovskite structure, ABOs.

LaMnO; is an insulating antiferromagnet with a Néel temperature Ty
~ 130K and an orthorhombic crystal structure related to the ideal cubic crys-
tal structure of perovskite, CaTiOz, shown in figure 1.1. Within this ABOj3
structure, the B-site Mn®* (3d*) ion is surrounded by an octahedral arrange-
ment of equidistant oxygen ions. The d-electrons are subject to a variety of
interactions; of foremost importance is the crystal field splitting, A.f between
the lower-lying ty, triplet and two higher lying states, which form an &, dou-
blet if the crystal field has perfect cubic symmetry. Indeed, measurements
of the crystal structure, by both Ellemaans et al. [7] and Urushibara et al.



(8], confirm that the Mn-O bond lengths are unequal, reflecting a tetragonal
elongation of the octahedron which alternates throughout the basal plane in a
”chequerboard” arrangement.

The driving force for the lattice distortion is the Jahn-Teller effect of the
Mn®** ion [9], with a 3d* electronic configuration, where the degenerate eg'
orbitals are half-filled. The Jahn-Teller effect lifts the degeneracy of the e;
orbitals, stabilizing a lower d,2 orbital relative to a d;2_,2 orbital, and result-
ing in an energy gain 6,7, if the e, orbital is preferentially occupied [figure
1.2]. Conversely, the preferential occupancy of one orbital will induce a lattice
distortion.

Figure 1.2 The occupancy of one electron energy levels for Mn®+.

The Jahn-Teller distortion crucially determines the physical properties of
stoichiometric LaMnO;. In its absence, band structure calculations have re-
peatedly predicted a ferromagnetic metallic ground state for the compound
[10] [11] [12] [13]. This finding directly contradicts experiment, which reveals
LaMnO; to be an ”A-type antiferromagnet”, where the magnetic moments
at Mn sites are ferromagnetically coupled in planes with alternating spin ori-
entations [figure 1.4]. Furthermore, the material is insulating with a small
activation energy ~ 0.1 eV! The LSDA (local spin-density approximation)
band calculations of Satpathy et al. [14] investigate the introduction of dif-
ferent distortions into the oxygen octahdera. Their studies indicate that the
displacement of the basal-plane oxygen atoms by a minimum of ~ 0.1 A in
accordance with a Jahn-Teller-like distortion, results in an indirect gap of or-
der 0.1 eV between the split e, bands, which are both, W ~ 1 eV wide [figure
1.3]. They also show that such distortions favour planar antiferromagnetic
rather than ferromagnetic order.

Figure 1.3 Schematic energy band structure of LaMnOs.

Further support for these assertions is provided by Millis [15]. His theoreti-
cal considerations of the electron-phonon coupling arising from the Jahn-Teller



distortion are in agreement with the energy levels deduced from previous op-
tical absorption measurements of LaMnO; [16]. The principal conclusion of
(15] 1s that the electron-phonon interaction is dominant. Other authors re-
gard the electron-electron interaction as pivotal in determining the properties
of the compound [17] [18]. This latter, strong on-site Coulomb interaction is
reponsible for the high spin state, and exchange stability of the 3d" and 3d!
orbitals implicated in figures 1.2 and 1.3. This on-site Mott-Hubbard inter-
action, Uy A2 4 eV, was introduced into the LSDA calculations of Satpathy et
al. [14]. A more modest value of U, which mainly involves ty, electrons was
used in the band calculations of Solovyev et al. (13] who thereby resolve the
discrepancies between LSDA predictions and experiment.

In the laboratory, the end-member has displayed a plethora of crystal, elec-
tronic and magnetic structures, all of which can be ascribed to deviations from
ideal stoichiometry. Preparation conditions often result in a strongly oxy-
genated compound with a formula which is occasionally written, (LaMmn)Os,s.
However, since additional oxygen is accommodated within the close-packed
ABOj structure as vacancies on the A and B-sites, this is a misleading repre-
sentation, as discussed in 2.1.4. For § > 0.05, the material becomes ferromag-
netic and metallic - the result of a Mn®*-Mn*t mixed-valence state [chapter
5].

Similarly, mixed-valence is readily achieved in the manganites through the
substitution of a divalent (or monovalent) cation for La®*, typically Sr?t, Ca?*,
Ba?* or Pb?*. The formula for the mixed-valence manganites with divalent
cation doping may be written

(AT AZ)(MnyT Mng*)Os (1) .
where A3* may be a rare-earth ion other than La3t, such as Pr3*, Nd**, Sm3*
and 0< x < 1. The compounds crystallize in distorted variants of the ideal
ABO; structure [section 2.3.2]. However, they all share the basic feature of
a network of Mn ions, six-fold coordinated by oxygen, which lifts the five-fold
degeneracy of the d-shell electronic energy levels, as previously discussed. For
(A1-zA’;)MnOs, the number of d-electrons is (4-x). The strong on-site Hund
coupling, Jg, requires that all d-electrons on a given Mn ion be of the same
spin. Consequently, of the (4-x) electrons at a Mn site, three occupy the
lowest ty, levels, forming a localised core spin, S =%, whereas the remaining
(1-x) electron enters a linear combination of e, levels and 2p orbitals of adjacent
oxygen ions; a o* antibonding band is formed by the direct overlap of e, orbitals
with the 2p(O) orbitals, [e,(Mn) — 2p,(0) — eg(Mn)]. The delocalised (1-
x) e, electron in the partly-filled ¢ band hops between Mn sites, subject to
the constraint that its spin is parallel to that of the localised core at each
site. This arrangement strictly requires Jg ~ oo, otherwise three alternative
higher energy configurations become admissable: the e, spin may be coupled
antiparallel to the ty, core spin; the to, electrons may be arranged in a non-
maximal spin state or the additional (1-x) electron may enter the to, levels.
Recent optical data [19] imply that the former antiparallel configuration is ~ 3
eV higher than the e,-ty, parallel spin configuration. Despite the absence



of direct experimental evidence the energies of the two latter scenarios are
expected to be yet higher [15]. Thus, the Hund energy, while far from infinite,
is at least comparable to the o* bandwidth.

This is the essence of the double exchange mechanism, proposed by Zener
in 1952 [20] to explain the obseved simultaneous occurrence of ferromagnetism
and metallicity in the mangamtes both as a function of x and temperature [21]
(22]. The large on-site Hund coupling dictates that the delocalised electron
retains its spin as it moves between Mn sites and therefore, the hopping ampli-
tude depends on the relative orientation of the core spins on the sites involved.
As a result, electron transfer is modulated by a spin-dependent overlap factor
which is maximal when adjacent core spins are parallel and minimal when an-
tiparallel. Thus, double exchange is always ferromagnetic, and the e; ” Zener”
electrons are both conduction electrons and mediators of the ferromagnetic ex-
change; if the to, core spins are not parallel electron transfer is impeded and
the mobility decreases.

The direct connection between ferromagnetic alignment and conductivity
in the mixed-valence manganites was unequivocally established by Wollan and
Koehler [1] in 1955, in a rigorous study of the transport, and crystallographic
and magnetic structures of (La;-;Ca;)MnO; 0 < x < 1. Neutron and x-
ray diffraction measurements of the polycrystalline ceramics revealed a variety
of magnetic structures, illustrated in figure 1.4 as a function of Mn** content.
Members of the series are predominantly antiferromagnetic, however for x ~0.3
the compounds exhibit ferromagnetism with a moment almost equal to the
spin-only value, M; = Ngug < S > where N is the number of Mn ions
per formula unit, g is the gyromagnetic ratio of 2 and < S > represents the
average spin of the constituent Mn®** (S=2) and Mn** (S=32). The resistivity
measurements correlated with these results, showing a maximum conductivity
for the ferromagnetic samples.

The spectrum of deduced magnetic phases illustrated in the following figure
[figure 1.4], result from competing indirect exchange mechanisms between the
different manganese ions, as first outlined by Goodenough [24]. Through con-
sideration of the possible Mn-O-Mn bonding arrangements through which the
magnetic coupling is mediated, he concluded that whereas Zener’s double-
exchange between heterovalent (Mn®**, Mn*") neighbours is ferromagnetic,
Mn*t-Mn*t and Mn®*-Mn®* ions are coupled via antiferromagnetic superex-
change between the localised to, spins [to,(Mn)-2ps(O)—tge(Mn)]. Further-
more, in accordance with the second Goodenough-Kanamori rule for asymmet-
ric d3-d® overlap [25], the Mn3+-Mn?" interaction is ferromagnetic. The model
provided a qualitative account of the phase diagram above, and furthermore,
confirmed that a doping fraction of x = 0.31 corresponds to the composition for
which the double-exchange mechanism is optimised, through ”considering the
problem of calculating the fraction of randomly distributed Mn** ions which
gives the largest number of Mn®* ions with one and only one Mn** neighbour
in a random matrix of Mn** and Mn®* ions”
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Figure 1.4 The magnetic ground state structures and ferromagnetic moments for the
(La,_;Ca;)MnOs3 series, with reference to the electrical conductivity measured at
80K and the theoretical spin only moment (adapted from [2]).
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Further interactions play an important role in determining the low-temperature
magnetic arrangements of the doped manganites. Most notably, strong in-
teratomic d-d correlations, V', may become comparablé with the,e electron
bandwidth, W, for particular occupancies of the d band [11], resultigng in the
localisation of itinerant electrons on certain Mn lons, which fofm an ordered
superlattice of Mn?t and Mn*t; a charge-ordered state. Figure 1.5 illustrates
the idealised charge-ordered arrangement of Mn?t and Mn%* ions present in
equal numbers; the Mn** species is characterised by the tetragonally elon-
gated octahedron indicative of the Jahn-Teller polarisation of the e, electron
levels, whereas Mn** is located within the regular octahedron. The structural
distortion associated with this cooperative arrangement of Mn®tand Mn%t
leads to the doubling of the crystallographic cell evidenced by superlattice
peaks in diffraction patterns [26]. Since both ferromagnetism and charge-
order are mediated by the same e, conduction electrons, charge-ordering (also
known as Wigner crystallisation) impedes the formation of the metallic state.
The underlying competition between metallicity and charge-order is influenced
through bandfilling, with the strongest tendency to charge-ordering shown at
low temperature when the doping ratio, x, is a rational fraction such as é, %

or 2 (27 [28] [29] [30].

Figure 1.5 Schematic representation of the 1:1 (Mn®**=Mn**) charge-ordered and
antiferromagnetic spin-ordered state.

Besides varying the number of charge carriers entering the ¢* conduction
band, the variation of doping ratio, x, through cation substitution (or the in-
troduction of cation vacancies) serves to alter the interatomic distances and
bond angles [31] [32]. Due to the sensitive dependence of the conduction band-
width, W on the Mn-O-Mn bond angle, [section 4.2.4] the sizes of the sub-
stituted cations further influence the manganites’ observed behaviour [chapter
4]. Thus, the physical properties of the manganese perovskites are deter-
mined by both the doping ratio and the lattice distortion; the combined effects
of bandfilling and bandwidth within the double-exchange framework.



The full consequences of double-exchange have been studied in detail by
many authors (33] [34] [35] [36] [37] [38]. The theory successfully predicts that
the transition of an optimally doped manganite from the paramagnetic to the
ferromagnetic state should be accompanied by a metal to insulator transition
(compounds which prove an exception to this rule are discussed in section 3.5).
However, the increase in kinetic energy of the carriers on passing from an un-
correlated spin state to the fully polarised ferromagnetic state upon application
of a magnetic field or cooling through the magnetic ordering temperature, T,
is a mere 30% and it appears that the double exchange mechanism as the sole
governing interaction, is insufficient to account for the physics of the mixed-
valence manganites. This modest magnetoresistance is at odds with the colos-
sal effect recorded by Jin for a (Lag.67Cag.33)MnO; thin film (R(0)/R(6T) = 10
000 at 110K; figure 3.1) The additional interactions which may be invoked to
account for the discrepancy are discussed in Chapter 3.

This brief introduction forms the basis for discussing the results presented
in the following chapters: the preparation and structural characterisation of
(Ao A gV Osp & = e, Prit; Nd¥t, Sm™ sl Ca?, St Ba? Pb*
in chapter 2; the transport properties of this materials’ matrix [chapter 3] and
their magnetic properties [chapter 4]. In chapters 5 and 6, studies of related
compounds, LaMnOj and the double perovskites respectively, complement the
main body of research work presented.
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Chapter 2
Materials’ Preparation and Structural
Characterization

The original sample matrix, which formed the basis of this study, consisted
of sixteen polycrystalline compounds: (Ag7A’03)MnO; where A = La®+, Pr3+,
Nd3*, Sm®** and A’ = Sr?*, Ca’*t, Ba?t, Pb%*. Their synthesis and the tech-
niques subsequently used to verify their structure and quality are described.

2.1 Materials’ Preparation

Basic Operation Method Used
| Powder preparation | | - sol-gel method

- precursor decomposition

l 5

[ Compaction | [- uniaxial pressing ]
! e

[ Solid state reaction | [ - sintering |

Figure 2.1 The three basic operations in the preparation of ceramic manganites

The sixteen polycrystalline mangnaites intended for study, were prepared
using the standard ceramic technique [1] represented schematically in Figure
2.1.  The basis of this reaction method is the interdiffusion of the reactant
metal oxide powders. This necessitates the use of fine-grained powders which
provide a high contact surface area for the initiation of the solid state reaction
and promote a more efficient completion of the reaction by presenting shorter
diffusion paths. Two different techniques were employed in order to prepare
the prerequisite fine oxides - a wet chemical, citrate gel technique and a sec-
ond method which involved the thermal decomposition of precursors. The
reactant powders were well mixed and compacted by dry-pressing in stain-
less steel dies. The resulting pellets were calcined in air and then repeatedly
ground, compacted and sintered until a uniform, single phase was achieved, as
determined by X-ray diffraction [section 2.3].

Despite the attractive simplicity of this recipe, an inherent problem of the
standard ceramic method is the realisation of nominal oxygen stoichiometry.
The influence of the preparative conditions chosen on the composition, stoi-
chiometry and defect structure of the samples is discussed.
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1

2.1.1 Powder preparation

Successful ceramics fabrication demands high quality reactant powders. The
ideal powder is highly pure and stoichiometric, consisting of spheroidal, small-
sized (submicron) particles with a narrow size distribution [1], believed to facili-
tate homogeneous dispersion and lead to highly dense (i.e. less porous) powder
compacts [2]. The resulting densely packed particles minimize pore volume,
thus promoting pore elimination, and present a high contact surface area which
facilitates the solid state reaction. furthermore, . To this end, two powder
preparation methods were investigated and developed: a citrate gel ”sol-gel”
process and a " precursor decomposition” powder preparation method.

2.1.251 (i) Sol-gel method

Broadly defined as a process involving the transition of a colloidal suspension of
solid particles in a liquid, known as a "sol” into an amorphous, two-component
"gel” of semi-solid nature, the "sol-gel” method is a versatile technique for pro-
ducing fine ceramic powders and glass materials. This process of homogeneous
powder preparation was first popularized within the ceramics community in
the 1950s by Roy [3] and its applications have subsequently evolved to include
methods of producing thin film coatings, ceramic fibres, microporous inorganic
membranes, monolithic ceramics and glasses, and highly porous aerogel mate-
rials [4].

A typical sol-gel route starts with the preparation of a sol from inorganic
metal salts or more commonly, metal alkoxides. Following hydrolysis and
addition of a suitable catalyst, these precursors polymerize in a condensation
reaction, thus forming the sol. Subsequent processing yields the semi-solid
gel phase. The precise processing route determines the nature of the ceramic
end-product. For the purpose of producing monodisperse, small-sized powder
particles, the basic principle of the procedure requires the dispersion of an
aqueous sol in a hydrophobic organic liquid so that the sol forms small spherical
droplets which subsequently gel upon heating. An overview of some possible
processes is presented schematically in Figure 2.2 whereas a comprehensive,
coherent review of sol-gel science is offered by Brinker and Scherrer [5] *.

*metal alkoxides are metal-organic compounds which have an organic ligand attached to a metal or

metalloid atom
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Inorganic metal salts or

metal organic compounds '
: : Dense film

”Xerogel;’ - dried gel

Hydrolysis
Polymerization

Figure 2.2 General overview of possible sol-gel processing routes.

The preparation of ceramic materials by the sol-gel technique has not been
widely favored by the manganite community. It is a complex science, the
fundamental principles of which incorporate disparate aspects of physics (e.g.
fractal geometry and percolation theory), chemistry (mechanisms of hydrolysis
and condensation) and ceramic science (sintering and structural relaxation).
It is a messy process, often involving noxious chemicals and by-products. Of
the few reported cases in the literature, the earliest example is given by Jonker
in 1950 [6] whereby solutions of metal nitrates were dissolved in a solution of
ammonia, with the addition of ammonium carbonate and hydrogen peroxide
as chelating agents (see figure 2.3). Upon heating, the strongly basic solu-
tion served to hydrolyze the complexes formed between the metal cations and
chelating agents, yielding metal oxides.

The method adopted during the course of this research was based on a cit-
rate gel method originally patented by Pechini [7] for making multi-component
powders containing oxides of titanium, niobium or zirconium. The process
was subsequently developed to make stoichiometric powders of barium titanate,
yttrium-doped zirconia and LasNiO4[8] before its successful deployment in the
preparation of manganites by Ibarra [9] and Hervieu [10].

Stoichiometric amounts of the appropriate metal carbonates were dissolved
in concentrated nitric acid resulting in a light yellow solution of metal nitrates.
Ethylene glycol, a polyhydroxy alcohol, and a chelating agent, citric acid, were

-
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added to the solution in the ratio 4g acid to 1ml alcohol and lg metal ni-
trates, resulting in a yellow coloured sol. Metal complexes were formed in
a complicated chelation reaction which involved the coordination of organic
ligands to the metal cations, via loose bonds formed by the lone pairs of the
oxygen anion. This is illustrated schematically in Figure 2.3 below. Heating
the sol to 400°C' evaporated any excess acidic solvent and water by-product,
and promoted the decomposition of the chelated metal complexes, yielding a
yellow-brown gel.  Further heating to 600°C caused the thermal decompo-
sition of the amorphous gel leading to the crystallization of a highly-porous,
homogeneous oxide powder, which was later compacted and sintered.

o JOH / \

HO, OH
0 ey
0 Ehph

/ 0 oH Ho ~ OH OH

HO | A

Figure 2.3 Chelation - the coordination of a central metal cation between the organic
ligands of a single molecule.

The citrate gel technique described, was used to prepare three of the sixteen
samples, (Lag7Srg3)MnO3z, (Smg7Srg3)MnO; and (Ndg7Srp3)MnO;.  Subse-
quent X-ray diffraction (see section 2.3) determined that of these, only the
Nd compound had been successfully produced as a single-phase. The failure
of the process for the preceeding samples was ascribed to the loss of material
which occurred during the initial heating stage. Further characterisation of
this Nd compound through scanning electron microscopy (see subsection 2.2.2),
compared unfavourably with the samples produced through the ” precursor de-
composition” method (see next subsection) These results, combined with the
hazardous nature of the gaseous by-products and general practical inconve-
nience of this method influenced the decision to continue sample preparation
using the alternative technique outlined below.

2.1.1.2  (ii) Precursor decomposition

This method of powder preparation involves precursor materials in which reac-
tants are present in the required stoichiometry; upon initial heating- calcining
- thermal decomposition occurs, yielding finely-divided, reactive metal oxides.
The precursors used, as listed in Table 2.1, were mixed in the correct ratios
in a pestle and mortar and calcined at 900°C. The purity of all the reagents
used was greater that 99.99% in each case. With the exception of lanthanum
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oxalate, hydrophilic compounds were avoided due to possible ambiguity re-
garding their HyO content.

CATION PRECURSOR
Name Chemical formula
Latt lanthanum oxalate Lay(C;04)3.9H,0
Pr3+ praesodynimum sesquioxide PrgOy;
Nd3+ neodymium sesquioxide Nd, O3
Sm?+ samarium sesquioxide Smy O3
Sr2+ strontium carbonate SrCO;
Ca2t calcium carbonate CaCOg4
Ba?t barium carbonate BaCOj4
Pb?+ lead (II) oxide PbO
Mn3+/4* | mangnanese (II) carbonate MnCOs3

Table 2.1 The metal cations and the precursor compounds from which they were derived.

2.1.2 Compaction

Prior to sintering, the powder is compacted into a ”green-body” to achieve a
high-density particle packing and thus, a high contact surface area and small
porosity. During the subsequent sintering procedure, these aspects facilitate
the elimination -of pores through the diffusion of the material. =~ The sim-
plest compaction technique is uniaxial pressing. Using this method, hardened
stainless steel dies and a hydraulic bench-top press, uniaxial pressures up to a
maximum of 1 GPa were applied to the dry powder, to produce compacts of di-
ameter 5mm, 8mm and 13mm. A pressure sensor consisting of a strain gauge
with a 4 - 20 mA output was connected to the oil output of the "Buehler”
sample press and the pressure recorded using a meter with inbuilt power sup-
ply and zero balance configuration. An inherent problem of this technique is
that the friction between the powder and the die walls produces an inhomo-
geneous flow of particles, resulting in local variations in pressure and density
within the compact. Although the addition of a few drops of alcohol prior
of pressing eased particle flow, the separation of top layers of the pellets after
pressing - ”capping”- was observed on numerous occasions; evidence of pres-
sure density gradients. To eradicate the problem, the die’s walls were sprayed
with a ”Buehler”silicon-based lubricant, which evaporated on heating, leaving

no discernible residue.
2.1.3 Sintering

Sintering, in this context, requires heating a compacted powder greenbody for
a given time at a sufficiently high temperature to promote diffusion, without
exceeding the melting point of the constituent components. The ideal end-
product is a fully dense material, resulting from the elimination of porosity.
Several sintering mechanisms are possible, depending on the phases present.
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During the solid-state sintering method used, the materials were in the solid
phase throughout the process.

Solid-state sintering is a process of densification, driven by the reduction in
the surface free energy of the powder. This energy is partially transformed into
the interfacial energy of the grain boundaries in the resulting polycrystalline
aggregate. The role of surfaces and interfaces is not only pivotal in determining
the macroscopic driving force, but also the microscopic diffusion mechanism.
Although the microstructure continuously evolves during sintering, the process
has been conceptually divided into three stages, as described diagrammatically
in Figure 2.4 below.

| Greenbody |

i

LInitiaI stage ] contact area between particles increases

- 'necks’ are formed between particles

- grain boundaries begin to form at particle interfaces
- pores are voids between particles and are

open to the exterior -

OP

iR

[ﬂtermediate stage] porosity is reduced; most densification occurs
- three-dimensional network of 'necks’ formed

- material transport by grain boudary/volume diffusion
as determined by grain size

i

fFinal stage j considerable grain growth and
decrease in pore volume

- very rapid grain growth can isolate pores causing defects

Rz

Figure 2.4 The three stages of sintering

With the exception of the Pb** containing compounds, the manganite ce-
ramics were all sintered repeatedly at 1200°C in unsealed MgO vessels. Due
to the high volatility of lead (Tmeiting of PbO = 888°C) the (Lao.7Pbo.3)MnOs3,
(Pr0_7Pb0,3)Mn03, (Nd0.7pb0,3)Mn03 and (Smojpbo_g)MnOg greenbodies were
sealed in platinum foil prior to calcination at 600°C and during subsequent
repeated sintering at 1200°C. The manual re-grinding of the compacts in a
.pestle and mortar, followed by compaction and sintering was repeated until a
single phase, as determined by X-ray diffraction (2.3) was achieved for each
compound.
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2.1.4 Non-stoichiometry and sublattice vacancies

The conditions used during the preparation of manganese oxides determine
the composition, stoichiometry and defect structures of the samples produced.
Not surprisingly therefore, this has been the topic of intense study [11] [12]
(13] with a particular focus on the extended homogeneity range and physical
properties exhibited by the end-member LaMnOj3,s [14], as discussed in chap-
ter 6. However, the influence of preparation conditions on the full range of
substituted manganites, is illustrated by the forest of transition temperatures
compiled from the literature for (La;_;Ca;)MnOs4s and (La;_ySr;)MnOs, s
where 0 < 2 < 1 [15].

0 400
2
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300 ¢ oy s
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© 9 :j 250 - § °© e
1] o a ° (-] -
150 = 200 o °
o ° .
100 : 1 i ; - | =" Tc
i
(La _Ca )MnO, + Tn 104 (La_Sr )MnO | < .Tn
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Figure 2.5 Data compiled from published literature for (La;-;Ca;)MnO3z.s and
(Laj_zSrz)MnOg3.s polycrystalline ceramics, thin films and single crystals.

The authoritative work of Kuo [12] established a phase diagram for the
equilibrium oxygen content of both LaMnOs4s and (La;_;Sr;)MnOs,s as a
function of sintering temperature and oxygen pressure. It concludes that
when fired at 1200°C, LaMnO; forms stoichiometrically for an oxygen pres-
sure of 107° Pa<Po,<1 Pa. Since the oxygen partial pressure in the am-
bient atmosphere at this temperature is 2 x 10* Pa, the oxide produced is
slightly oxygen-rich; 6 =0.06. However, the subsititution of lanthanum by
a divalent cation shifts the equilibrium to higher oxygen pressures. There-
fore, sintering the compounds with composition z = 0.3 in air at 1200°C is
likely to yield fully-oxygenated material with only a slight tendency towards
over-oxygenation.

Here it should be noted that despite the conventional reference to the
”oxygen-excess” of the nominal compositions, structural studies of neutron
diffraction data have established that instead of incorporating oxygen inter-
stitials into the close-packed perovskite structure, the defects take the form
of Mn and/or A-site cation vacancies. [11] [16] [17]. Thus, the formula of
the over-oxygenated end-member is more accurately written (LaMn)i-s0s.
These studies concluded that the defect chemistry of this compound was best
described by randomly distributed La and Mn vacancies, present in equal
amounts, so that the crystallographic formula could be written as

(Lai’t&D&)(Mn§i75M”é;D6)O3 ' (1)
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However, recent investigations using neutron diffraction, thermal analysis and
chemical titration [13], have shown definitively that the proportion of Mn?+/4+
vacancies is substantially higher than those on the A-site, especially when
samples are sintered under more oxidizing conditions (i.e. lower temperatures
and higher oxygen pressures). The presence of unwanted Mn vacancies is
a possible reason why the measured saturation magnetization of the x=0.3
polycrystalline mangnanites rarely attains the full, theoretical spin-only value
expected [18].

The sintering temperature determines the microstructure of the samples,
which has been shown to have a striking effect on the resistance and magne-
toresistance [19]. The grain sizes of polycrystalline samples sintered at higher
temperatures (1700°C) are smaller that those fired at more moderate temper-
atures (1300°C), presenting more grain boundaries which contribute signifi-
cantly to the "extrinsic” transport properties [20]; as discussed in the following

chapter.

2.2 Materials’ Characterization

The principal experimental tool used to verify the structure and purity of the
polycrystalline powders was X-ray diffraction. [Section 2.3] X-ray flourescence
(XRF) was used to establish whether the nominal stoichiometry was achieved
within the bulk. The micrographs obtained from scanning electron microscopy
are also included to provide an indication of the distribution of grain sizes.
Both these procedures are briefly outlined and the results presented below.

2.2.1 X-ray Fluorescence (XRF)

X-ray fluorescence is a powerful spectrochemical technique for elemental anal-
ysis.  Primary radiation from a X-ray tube excites atoms in the analysed
specimen, resulting in the emission of lower energy "fluorescent” radiation,
characteristic of the chemical elements present. The conventional spectrome-
ter configuration [21] for the computation of intensities in 6 — 26 geometry is

illustrated in figure 2.6.

X-ray tube

Specimen

Oetector

Figure 2.6 The "flat crystal” X-ray spectrometer configuration for X-ray fluorescence.

Quantitative analysis of measured XRF intensities proceeds via many differ-
ent routes which can be broadly described as either "mathematical” or ”com-
parative”. The former method attempts to calculate the problematic interele-
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mental effects inherent to the XRE technique® from first physical principles
(22]. In contrast, the comparative method compensates for these effects, most
commonly through comparison with the line spectra measured for external
standards. For the analysis of powder oxide samples, the latter method is
most appropriate, as the reliability of the theoretical calculations depend on
the availability of information pertaining to particle size distribution and the
distribution of elements within the particles.

Suitable samples are required to be representative of the material with a flat,
smooth, homogeneous surface and to be sufficiently thick as to represent an
”infintely thick” specimen to the X-rays. To these ends, 100mg of each sample
studied was ”wet ground” in isopropyl alcohol to increase grinding efficiency
and homogenization, and mixed with a cellulose binder in a ratio 1:9. The
well-mixed powders were poured into a 30 mm diameter nitrided steel die and
compacted in a hydraulic press at ~ 130 MPa (10 tons inch™2). The external
sample, for comparison, comprised unsintered precursors mixed in the correct
stoichiometric ratios, and was similarly prepared.

The Link systems 860 spectrometer used was fitted with a silver anode X-ray
tube and a Si(Li) detector. The accelerating voltage was 35 kV and fluorescent
radiation was detected from a spot size of roughly 15 mm diameter. The
preparation technique used ensured that this was not a surface measurement
and that the signal from a large number of grains was representative of the bulk
sample. The exposure time for each sample was normalised with respect to
200 000 counts measured for the Mn Ka peak. The superposition of different
spectral lines with this peak (e.g. Nd La,Nd L) meant that direct comparisons
could only be made between the samples and their controls.

With the exception of the Pb containing samples, the nominal stoichiom-
etry of all samples was confirmed within the resolution and error margin of
the spectrometer. In figure 2.7 the spectra obtained for three representa-
tive compounds, (Pro7Cao3)MnOs, (Ndo7Bag 3)MnOs, (Smo.7Sro.3)MnO3, and
their control samples are shown. The sample and control peaks are seen to
virtually superimpose; the slight discrepancy reflects differences in the distri-
bution of the sample grains within the cellulose matrix and is not attributable
to non-stoichiometry.

The spectra of the lead containing samples [figure 2.7 (d)-(g)] indicate that
these compounds are severly Pb deficient despite the precautions taken to
prevent the evaporation of Pb during calcination and sintering. A compari-
son of peak heights serves as a first approximation of the samples’ stoichiom-
etry, giving: (La,ojpbo.m)MnOg, (Pr0.7Pb0.07)MnO3, (Ndojpbo_]o)MIlO;g and

(Smp.7Pbgg2)MnO3. Discussion of these four samples is omitted from subse-

quent chapters.

Interelement effects can be a major source of error in the quantitative analyisis of a multicomponent
sample. Since the relative fluorescence intensity R; of an element % at concentration C;, depends on
the total composition of the specimen R; = f(Cj, Cj,Ck, ...Cn), this can lead to the enhancement of
certain intensities when the radiation from another element of the specimen excites the analyte, <. More
complex interelement effects, known as "third element effects” result from the combined, non-additive
absoprtion-enhancement of two or more elements (J,k...) on the analyte, 2.
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Figure 2.7 X-ray fourescence spectra for (a) (Prg 7Cag 3)MnOs, (b) (Ndo.7Bag.3)MnOs3, (c)

(Smquro_g)MnOg, (d) (Lao,—;Pbo.s)MnOg, (e) (PI‘o.-,-Pbo_g)MIlOg, (f) (Ndo.'ero_g)I\/InOg

and (g) (SmoA7Pbo.3)Mn03.
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2.2.2  Scanning Electron Microscopy (SEM)

Scanning electron microscopy is widely used to image both microstructure
and topography with an ultimate resolution of 15 A for an high-performance
instrument operating at 15 keV. A finely focussed beam of electrons is scanned
across a sample surface while a detector records the number of low energy
secondary electrons or backscattered electrons emitted from the surface. The
morphology of the polycrystalline samples was studied using a Hitachi Field
Emission S-4300 SEM incorporating a cold cathode field emission source. This
electron source is typically three times brighter than conventional tungsten
or thermally assisted field emission sources, enabling a resolution of 0.5 um
at an accelerating voltage of 20 kV to be achieved. The ceramic samples
were sufficiently conducting at room temperature to be imaged through the
detection of the backscattered electrons by a ”Centaurus” scintillator. The
system was fully PC controlled, with the resulting digital micrograph images
produced with 1200 dpi resolution.

2.2.2.1 Results and discussion

SEM micrographs of (Lag7Cag3)MnOs (Pro7Cag3)MnOs,(Ndg 7Sre3)MnOj3 (sol-
gel), (Nd0_7Ba0,3)MnOg, (Sm0_7Sr043)Mn03 and (Smquaﬂ'g)MnOg at 500x and
2000x magnification are shown in figure 2.8 (a) - (f) below. The grain size dis-
tribution and apparent homogeneity of the samples’ surface show considerable
variation between the different samples; (Smg 7Sro3)MnO3 exhibits the highest
local homogeneity [figure (e)], whereas the (Ndo.7Sre.3)MnOj3 sample produced
using the sol-gel technique is disappointingly inhomogeneous, with clusters of
figure (c). '
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Figure 2.8 Scanning electron microscopy images of (c) (Ndo.7Sro.3)MnO3 (sol-gel) (d)
(Ndo.'/BaQ'g)MHOg (e) (Sm0‘78r0v3)MnOg, and (f) (Smquao‘g)MnOg. !
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2.3 Structural Characterization

2.3.1 X-ray diffraction

2.3.1.1 Experimental arrangement

The standard laboratory method for the determination of crystallographic
structure is X-ray diffraction. The X-ray diffractometer used was a Siemens
D500 with copper K, radiation (A = 1.542 A) mounted with a graphite
monochromator. Powder samples were mounted on glass slides using double-
sided adhesive tape and measured in the 6 — 20 geometry. The beam path
of the diffractometer for this operating mode is shown in figure 2.9. All sam-
ples were measured in the range 20 = 20° — 70° by using the step scanning
technique with a step size of 0.05° and a measurement time of 2 seconds/step.
Control and data storage was performed by a ”"Microvax” system, using stan-
dard Siemens software packages. Bragg reflections were indexed using the
"Index2” programme and the lattice parameters were refined by profile fitting
these principal lattice reflections using a ” Celref” least-squares refinement pro-
gramme.

Focus of the X-ray tube
Aperture diaphragms
Detector diaphragm
Detector

KB filter

Sample

Glancing angle
Diffraction angle
Aperture angle

Measuring circle |
Focusing circle

Figure 2.9 Schematic diagram of X-ray beam path for operation in 26 — # geometry.

2.3.1.2 Results

The powder X-ray diffraction spectra of all sixteen samples are presented in
the following figure 2.10.
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Figure 2.10 The X-ray diffraction spectra of (Smo.7A0.3)MnO3, A = Sr, Ca, Ba.
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Besides the ideal cubic perovskite structure introduced in Figure 1.1 (space
group F'm3m), rhombohedral (R3c) and orthorhombic(Pbnm) distorted per-
ovskites were also identified, isomorphous with LaAlOj [23] and GdFeO; [24]
respectively. Table 2.2 summarizes the crystal structures and lattice parame-
ters deduced for all sixteen samples.

[Eompound l Space group l Lattice parameters/A —]
(Lag.7Sr0.3)MnO3 R3c a = 5.490; v = 60.43°
(Lag.7Cag.3)MnO3 Pbnm a = 5453, b =5.499, ¢ = 7.705
(Lag.7Bag.3)MnO3 R3c a = 5.537; v = 60.43°
(Pro.7Sr0.3)MnOs3 Pbnm a=5486,b = 5.467, c = 7.713
(Pro.7Cap.3)MnO3 Pbnm a = 15426, b = 5.478, c = 7.680
(Prg.7Bag.3)MnOg Fm3m a = 3.888
(Ndg.7Srp.3)MnO3 Pbnm a = 5458, b = 5.430, c = 7.701
(Ndp.7Cag.3)MnO3 Pbnm a=5395 b =5431, c = 7.660
(Ndp.7Bap.3)MnO3 Fm3m a = 3.804
(Ndp.7Pbg.3)MnO3 Fm3m a = 3.873
(Smg.7Sr0.3)MnO3 Pbom a = 5427, b = 5415, ¢ = 7.659
(Smop.7Cag.3)MnO3 Pbnm a=>5.767,b =5.347, c = 7.562
(Smg.7Bag.3)MnO3 Fm3m a = 3.886

Table 2.2 Crystal structures and lattice parameters

2.3.2 Crystal structure

As illustrated in table 2.2, the ideal cubic perovskite structure as typified
by CaTiO; (Figure 1.1) is rarely attained by the manganites. The misfit of
the ionic radii causes the displacement of the ions from their ideal positions
which results in the distorted structures observed. The ”pseudocubic” lattice
parameters, ac, given in table 2.3 below, correspond to the elementary cubic
cell from which these rhombohedral and orthorhombic perovskite structures
are derived.

The most common distortion in perovskite systems [25] is due to the slight
rotation of the oxygen octahedron about the (111) axis of the elementary cube,
resulting in rhombohedral symmetry (space group R3c). The cubic unit cell
(lattice parameter, ag) is effectively doubled, the lattice parameter, a ~ V2aq
and the rhombohedral angle, a, is close to the ideal value, 60°. The oxygen
displacements from their face-centred positions are shown in figure 2.11 (a), in
accordance with neutron scattering studies on a (Lag 7Srg3)MnOj single crystal
(26].

The cubic cell accommodates even greater cation size misfit through the
buckling of the oxygen octahedra, in an effective cooperative rotation about
the 110 axis. The resulting orthorhombic cell (space group Pbnm), as typified
by the strucure of GdFeOs in figure 2.11 (b) , contains four cubic unit cells
and the Mn-O-Mn bond angle is reduced from 180° to 161°.

A schematic illustration of the relation between all the unit cells described,

is given in figure 2.12.
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Figure 2.11 (a) A schematic illustration showing how the oxygen ions are displaced from
their face-centred positions in the rhombohedral (R3c) slightly distorted perovskite unit
cell; (b) The orhorhombic (Pbnm) GdFeOs cell.

—~—
o

Figure 2.12 A schematic diagram of the relationship between the cubic, rhombohedral,
hexagonal and orthorhombic unit cells characteristic of the twelve manganite samples
studied.

Simple geometry gives the ideal A and B site cation radii - 74 and 75 -
of the undistorted cubic perovskite cell, relative to the O?~ anion radius, o
Goldschmidt [27] first defined this relation as a tolerance factor,

el E T ) 2)
V2(rg +10)

which equals unity for the ideally sized ions of the perfect cubic structure.
Deviation from this value, is thus a measure of the lattice distortion, and from
a set of radii based on 7o = 1.32 A, [27] Goldschmidt determined the limits
for the stable formation of the perovskite structure in oxides as 0.8 < tg <
1. These values differ slightly if different ionic radii conventions are adopted.
In an apparent consensus reached in recent literature, (28], [29] [30] the effective
ionic radii used are those given by Shannon (31], where the cationic radi are
for ions in nine-fold coordination sites based on the O%~ radius, ry!(0?7) =
1.40 A. In table 2.3, the values calculated in accordance with this convention

are denoted as t'.
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However, in numerous neutron diffraction studies on perovskites of formula
(Ao.7A’3)MnO; [28],(32], [26], [33], the Mn-O bond length has been measured
as 1.96 A. This value is in perfect agreement with (<rg > +7ro) when the
average weighted B-site radius is calculated using Shannon’s effective ionic
radii for Mn®*+/4* in six-fold oxygen coordination sites and (0% ) =140 A
In this basis, 74 = 1.372 A; a value which may be obtained by using radii for
A-site cations in twelve-fold oxygen coordination sites. Except in the case of
extreme buckling of the MnOg octahedra [34], these coordination numbers are
supported by the symmetry of the cubic perovskite structure and were used to
calculate the tolerance factors, tg in table 2.3.

In figure 2.12 the pseudocubic lattice parameter ac is plotted as a function of
to. The linear relation shows the increasing deviation of the perovskite structure
from the ideal cubic cell with ag ~ 0.39 A, as t, varies from unity. The
symmetry of the compounds is indicated in the figure by the use of different

symbols.

3.94
3.92 - a
1 o
397
1 o
4 A
. .88
& | o
<
3‘86—‘ o ° o
1 o
3.84
] o
] o il
3.82 - o & rhombohedral |
1 O  cubic '
k © orthorhombic |
R T A R
0.93 0.94 0.95 0.96 0.97 0.98 0.99 !

Figure 2.12 The ”pseudocubic” lattice parameter, ac plotted as a function of tolerance
factor, to for all twelve samples.

Listed in table 2.3 are the weighted average ionic radii of the A-site cations
<ra> (calculated for ions in twelve-fold oxygen coordination sites), which are
obviously proportional to to. Since these are both averaged values, no account
is made of the random distribution of different sized A3t and A’** cations
throughout the lattice. A quantitative measure of this is provided by the
variance of the A site cation radius distribution, o®. Defined as the average
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of the squares of the differences from the mean of the ionic radii r; about the
mean <ra>,

o? = Zy,;rf— <14 > (3)

where y; is the fractional occupancy of the A site for two or more species.
(3" y; = 1). The strong correlation of these structural parameters with the
manganites’ transport and magnetic properties is addressed in 4.1.4.

The last columns of table 2.3 compare the samples’ theoretical X-ray density
with that measured on fully sintered material. The densities were calculated
using the lattice parameters listed in table 2.2, assuming that the orhorhombic
unit cells equate to four cubic unit cells (Z = 4) and the rhombohedral cells
correspond to the doubling of the primary cubic cell (Z = 2). The measured
densities are seen to vary between 60% and 72% of the theoretical values.
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Compound I Structure [ ac/A | A Y I gt l Peneo (kg /m?) | PinasalE0 %) %ﬁ‘:ﬂi(%)
(Lag.7Bag 3)MnO; i’ 3.921 | 0.997 | 0.947 1.435 | 0.01313 6835.5 4648 68
(Lag.7Srg.3)MnO; R 3.905 | 0.979 | 0.930 1.384 0.00134 6463 4605 T2
(Ndp.7Bag3)MnOy C 3.894 [ 0.975 [ 0.934 | " 1.372 0.02428 6952.1 4518 65
(Pro.7Bags)MnOs C 3.888 1 0.978 | 0.938 1.386 0.02150 6996 o041 T2
(Smyg.7Bag3)MnOs C 3.886 | 0.968 | 0.926 1.351 0.02875 71183 4301 60
(Pro.7Sro.3)MnO; O 3.866 | 0.962 | 0.921 1.335 0.00473 6566.3 4500 68
(Liig.7Cao.s)MnOs O |3846|0967]0916| 1354 |o000008| 61267 4305 70
(Ndg7Srg.35)MnO; O 3.856 | 0.957 | 0.917 1321 0.00607 6585 4525 69
(Pro.7Cag.3)MnOs O 3.832 1 0.951 | 0.907 1.305 0.00053 6140 4500 68
(Smg7Sr93)MnO3 O 3.846 | 0.950 | 0.910 1.300 | 0.00840 6888.2 4615 67
(Ndo.7Cag3)MnOy O 3.825 1 0.946 | 0.903 1.291 0.00103 02225 4233 68
(SmmCaog)MnOg O |3820]0939 0896 | 1270 |o000210| 6652 4375 66

; . 3
Table 2.3 Structural parameters calculated for (Ag7A ()Agl)Mn()g; A'=La’*, Pr3t, Nd3t,
Smd+ A'= Ca*t, Se?*, Batt,
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Chapter 3
Transport properties

3.1 Introduction

Historically, transport measurements have been the favoured characterisa-
tion and study method for the manganese perovskites. The pioneers, Jonker
and van Santen, presented resistivity measurements of polycrystalline ceram-
ics (Laj—zA;)MnO3z (A = Sr, Ca , Ba) as a function of both temperture and
loping fraction, x, in the early fifties [1] 2], demonstrating the simultaneous oc-
surrence of metallicity with ferromagnetism within the doping range, x = 0.2 -

).4. Soon after, Volger discovered a negative magnetoresistance Ttéff)i) ~ 8% for

olycrystalline (LaggSro2)MnO3 in an applied field 0.3 T near Ty and pub-
ished the first measurements of Hall effect, thermopower and specific heat in
1954 [3]. Fifteen years elapsed before Searle and Wang [4] reported a substan-
tial 20% decrease in resistivity near T¢ (310K) in 1T for (LaggePbos1)MnO; as
part of their extensive study of (La;_;Pb;)MnOs3, 0.2 < x < 0.44, flux-grown
single crystals [5] [6] [7]. This negative magnetoresistance, when rediscovered
in high-quality thin films of (Lage7Bag33)MnOs3 [8], (Lag.75Cap.25)MnO;3 [9] and
(Lao g7Cag.33)MnO; [10] in the early nineties, was of an unprecedented, ”colos-
sal” magnitude (R(0)/R(6T) = 127 000% at 77 K- figure 3.1) prompting a
rigorous re-examination of the manganites’ transport properties, both experi-
mentally and from a theoretical perspective [3.2].

T La-Ca-Mn-O Film

Ro = 1.35 MQ
12 b at77 K 9

(Pg=11.6Q+cm)

Ry 257 = 1.06 KQ
(PH=0or=9.1mQ-cm)
(AR/Ry - 127000%,
AR/R, ~ 99.9%)

p(Q+cm)

H (Tesla)

Figure 3.1 Colossal magnetoresistance displayed by a (Lag g7Cag.33)MnOj thin film [10].

The resulting research frenzy was largely driven by the continually increas-
ing demand for magnetic information storage and retrieval, based on mag-
netoresistive read-head technology. During the preceeding decade, "giant
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magnetoresistance” (GMR) exhibited by heterogenous structures such as thin-
film multilayers of alternating ferromagnetic metals and normal metals [11],
had been developed to reproducibly achieve room temperature effects of or-
der % ~10% under in-plane fields around 5mT. With prototype disk drives
employing GMR read-heads already presenting a challenge to conventional in-
ductive or permalloy read-head technology, the ”colossal magnetoresistance”
(CMR) of the mixed-valence manganites presented the prospect of creating
devices whose performance exceeded that of GMR structures, enabling even
higher storage densities provided that a large magnetoresistive reponse could
be achieved in a small field.

Attempts at optimising the manganites magnetoresistance response have
proceeded via many different routes. The compositional dependence of the
MR effect in bulk polycrystalline materials has been investigated through ex-
tensive chemical substitution [12] [13] [14]. For the compositions of interest,
with doping ratio x = 0.3, chemical systematics have demonstrated that the
magnetic ordering temperature, T'c correlates with e, conduction bandwidth,
as governed by the size of the A-site cations, < r4 >, via the Mn-O-Mn bond
angle [section 4.2.4]. The alignment in an applied field of the increasingly dis-
ordered ground states of the lower Tc compounds results in greater resistivity
change; the magnitude of the CMR effect increases with decreasing T¢ [15] as
the resistivity of the semiconducting state increases inherently with decreasing
temperature. However, the largest magnetoresistance effects are associated
with the transformation of an insulating charge-ordered material [figure 1.5]
to a ferromagnetic, metallic phase, as typified by the 7%((% ~ 10 % measured
for a (Pro;Cag3)MnQ; single crystal in 4T at 4.2 K [16]. The irreversible
nature of these first-order ”charge-melting” transitions are of limited techno-
logical use, as the initial state is not recovered upon removal of the applied
field unless the temperature is raised.

As a direct consequence of the reports in [8] [9] [10], thin film transport
properties have been examined with particular attention paid to the influ-
ence of deposition conditions and post-annealing treatments. Most notably,
Xiong et al. [17] [18] demonstrated that by increasing the deposition tem-
perature from 600°C to 800°C the temperatures of the resistivity peaks, Ty,
of (Lagg7Bag.3s)MnO;z and (Ndg7Sro3)MnO; thin films were reduced by half
from measured bulk values, whilst simultaneously increasing the heights of the
resistivity maxima, leading to greater MR values. Additionally, annealing de-
posited films in oxygen atmospheres was shown to increase Ty, but lower the
maximum value of resistivity as a function of increasing annealing tempera-
ture and duration. The influence of increasing substrate-induced lattice strain
was extensively studied, through the use of different substrates [19] [20], and
shown to correlate with the magnitude of the magnetoresistance effect. Jin
[21] demonstrated that MR is maximum for epitaxial (as opposed to polycrys-
talline) films; presumably the absence of grain boundaries enables the most
effective propagation of stress throughout the film, the optimum thickness of
which for a LaAlQ; substrate was determined as ~ 100nm.
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Grain boundaries have assumed an important role in the discussion of mag-
netoresistance in these materials. In a study carried out by Hwang et al.
[22], the transport properties of bulk polycrystalline (Lag ¢7Sr0.33)MnOs sam-
ples with different grain sizes were compared with those of a single-crystal of
the same composition. The aforementioned colossal magnetoresistance effect,
exhibited by all samples, was thus shown to be independent of grain size; an
intrinsic property. However, the polycrystalline materials displayed an ad-
ditional low-field magnetoresistance at all temperatures below T, which was
notably absent in the grain-boundary-free single-crystal. The initial decrease
in resistivity was shown to vary with temperature as p(H) ~ ,f;ii, characteristic
of spin-polarised tunneling across intergrain barriers in granular ferromagnets
(23] 24]. The low-field MR reponse has been subsequently reported in other
polycrystalline compounds [25] [26], and thin-film manganites [27] (28] [29] [30],
and Gupta et al [31] have correlated the effect in films of Lagg; A’y 33MnO5_g
(A’ = Sr, Ca , or vacancies introduced into lattice) with grain size, as deter-
mined using transmission electron microscopy .

An ingenious experiment by Mathur et al. [32] probed the grain boundary
scattering mechanism of the low fleld MR through isolating the intergrain
transport across a single grain boundary of (Lag7Cag3)MnOs. The peak in
the resistivity just below T¢ was associated with a MR effect measured in
0.18 T, which decreased almost linearly to zero at T¢. Similarly, the group in
Jena, [33] investigated the fleld dependence of the grain boundary resistance
and magnetoresistance through patterning a (LaggSrp)MnOj; thin film grown
on a bicrystal substrate. ‘

The concept of an eztrinsic, microstructure-dependent magnetoresistance
has been extended further with the development of powder magnetoresistance
(PMR) [34] The magnetoresistance of cold pressed compacts of fine-grained
(Lap.7Cagp3)MnO; powder was measured as EA(% ~ 20%in 0.5T at 77K. The ef-
fect has been ascribed to spin-polarised electron transport across non-exchange
coupled ferromagnetic grains, the relative orientation of which is modified by
the applied field.

The drive to exploit the manganites’ CMR response for possible technologi-
cal application has been complemented by attempts at explaining the origin of
the effect. In this chapter, the milestones which have marked the development
of current theory, are noted and reference is subsequently made to supporting
experimental evidence. The transport data collected on the twelve polycrys-
talline samples are presented and discussed with respect to both previously

proposed ideas and more recent thinking.
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3.2 Background

3.2.1 General theory

The double-exchange mechanism remains the principal tenet for understanding
the physical properties of the manganese perovskites. The essential physics of
the interaction are contained within the double-exchange Hamiltonian derived
by Kubo and Ohata from the Kondo-lattice Hamiltonian in the limit where

Jg > ti; [35]):

H=— Ztijczcj—‘]HZSi-si (1)

<ig> i

where Jy is the on-site Hund rule coupling between a localised ion core spin,
i ——:% and that of a mobile electron s = %;the operators ¢; and c;r respectively
create and annihilate an electron on site ¢ with spin parallel to the ionic core.
t;; is the transfer (hopping) integral determined from the original generalisation
of the double-exchange mechanism by Anderson and Hasegawa [36] to include
the interaction between two adjacent ions with an angle 8;; between their spin

directions,
0;;
tij = ba COS(EJ') (2)

where b, is the normal transfer matrix element dependent on the spatial wave-
functions of the e, and ty, orbitals, and is directly related to the e, bandwidth
W [4.2.4]. The mean-field treatment of [35], principally predicted a leading T3
dependence of resistivity at low temperatures due to electron-magnon scatter-
ing within the double-exchange system [3.2.2], a fully spin-polarised ground
state, with the minority spin subband reappering as the system disorders and
an essentially temperature-independent resistivity above T¢. Furukawa [37],
extending this treatement through a many-body approach, demonstrated that
both majority and minority bands are split by Hund’s rule exchange in the
paramagnetic state. As the system orders magnetically, the majority spin
subband gains spectral weight at the expense of the minority spin subband,
ultimately resulting in a fully spin-polarised ground state (figure 4.1).
However, the validity of a mean-field approach for a system in which Jg >
t;; was called into question by Millis, Littlewood and Shraiman [38]. Adopting
a "dynamical mean field approximation” [39], their rigorous, quantitative con-
sideration of the double-exchange Hamiltonian demonstrated that this mech-
anism alone could not explain the most obvious feature of the manganites,
namely the magnitude of the change in resistivity at the ferromagnetic transi-
tion or the large resistivity of the T >T¢ phase. Furthermore, through using
the dopant concentrations, x, as a measure of carrier concentration, the mag-
netic ordering temperatures predicted by the double-exchange model were more
than an order of magnitude too large. If charge carriers in the paramagnetic
regime were trapped through lattice distortion, T¢ would be lowered. Millis
et al. therefore included a strong electron-phonon coupling due to the dynamic
Jahn-Teller effect within the double-exchange framework, which served to lo-
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calise the conduction band electrons as so-called, Jahn-Teller polarons (figure
3.2(b)), and obtained results in qualitative agreement with experiment. In
an alternative approach, Réder [40] introduced dynamic Jahn-Teller coupling
into the original mean-field formalism of Kubo and Ohata [35], giving solu-
tions for T>T¢ in which the electrons become ”self-trapped” by the lattice
distortion, and the composite particle - the ” small magnetopolaron”- appears
as a localised charge surrounded by a spin cloud on nearest neighbours (fig-
ure 3.2(c)). In both theories, for T<T¢ a large polaronic state is predicted
in which polarons extending over several lattice sites overlap and form bands

[section 3.2.2(2)].
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Figure 3.2 Schematic illustration of (a) a small dielectric polaron (b) a Jahn-Teller polaron
and (c) a small magnetopolaron.

However, all these models neglect carrier localisation due to charge fluctua-
tions or random fluctuations in the magnetic potential due to inherent cationic
disorder. Since the principal energies which determine the electronic structure
of the manganites - conduction bandwidth, W; Hund’s rule coupling, Jy; in-
teratomic Coulomb potential, V' crystal-field interaction, A, and Jahn-Teller
stabilization energy, 6 s - are all of the order of 1eV (figures 1.3 and 3.3), the
influence of localisation effects have merited investigation. Varma [41] has at-
tributed the high resistivity of the T>T¢.phase to Anderson localisation of the
carriers in the Mn e, band arising from variations in the Coulomb potential
due to the random distribution of A% and A’** cations. The localisation of
carriers promotes spin polaron formation; the localisation length of which in-
creases with increasing magnetic order, thus reducing resistivity with the onset

of ferromagnetic order.
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Figure 3.3 A schematic representation of the energy band structure of (A 7A’.3)MnOs.
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Alternatively, potential fluctuation may be magnetic rather than Coulombic
i origin. Localisation and scattering from an exchange potential which is
astributed to the difference in local magnetisation at varying distances from
a divalent impurity are the key components of a theory developed by Nagaev
to account for the measured peak in resistivity and magnetoresistance effect
(42]. A theory of magnetic localisation proposed by Viret [43] ascribes carrier
lecalisation above T¢ to fluctuations in the on-site Hund’s rule coupling - J4s.S
Wit]hin the framework of Mott’s variable range hopping theory [44] [section 3.2.2
(3)]-

The following discussion develops these various models with reference to the
corroborating experimental evidence in the high and low temperature limts.
In the immediate vicinity of T¢, behaviour is best described by ther-
modynamic measurements which couple directly to the magnetic correlation
length. Due to the lack of such published data, the manganites’ behaviour in
the critical region is not addressed in detail here.

3.2.2 High temperature transport

In the high temperature limit, the physics of double exchange is insufficient
to account for the transport properties of the manganites. Most notably, the
values of resistivity measured for T>T are significantly greater than the mod-
est electron scattering rate implied by double-exchange for disordered spins,
requiring a complementary interaction to be invoked. Currently, three differ-
ent models which incorporate the additional physics outlined above have been
shown to agree qualitatively with the measured data: a simple Arrhenius law
used to describe activated behaviour due to a band gap or mobility edge; the
nearest neighbour hopping of small polarons, and Mott’s variable-range hop-
ping expression for carriers localised by random potential fluctuations. Each

model 1s discussed.

(1) An Arrhenius Law

By
= 3 3

was first used to model the data for the x= 0.3 compounds, indicating a purely
activated conductivity with a band gap E, of typically 0.1 eV [45] [46] [47]. The
interpretation of E, poses some difficulty. Band transport, where E, represents
a real gap in the density of states at the Fermi level above T¢ is supported by
photoemission data measured for (Lag7Cag3)MnO; (48] [49], but the surface-
dependent nature of this technique means it is unrepresentative of the bulk
sample. Furthermore, a valid small bandgap interpretation would require a
distinct structural variation for the relevant doping range, 0.2 < x < 0.4, which
1s not observed.

Alternatively, this simple activation law could indicate the formation of
a mobility edge E, to which carriers are excited at high temperatures from
the Fermi energy, Er. However, the interpretation of E; as Eu-Er is not
supported by the complementary Hall resistivity measurement of [46], where a
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small carrier mobility, 107® m*V~!s™! and corresponding mean free path (<0.1
nm) are incompatible with a picture of carrier excitation to extended states.

(2) A polaron model A charge carrier accompanied by a lattice distortion
which is comparable in size to the lattice parameter of its crystalline host, is
called a small, or Holstein polaron [50]. With reference to the manganites,
the small polaron of figure 3.2 (a) first proposed by [51] (52] [45], is an electron,
carrying with it a dilated MnOg octahedron. Nearest-neighbour hopping of
small lattice polarons results in a thermally activated conductivity. In the
"non-adiabatic limit” the motion of the charge carriers is slow compared to
the lattice vibrations and the drift mobility is given by

_ 3ea® t? r \? Wy
HE TR BT <4kaT> e {—KF} (4)
where a 1s the hopping distance, e the electronic charge, wy the longitudinal
optical-phonon (or ”attempt”) frequency and W), is one-half of the polaron
formation energy, E,. The magnitude of the mobility prefactor indicates
whether the carrier motion is non-adiabatic, where the limiting condition for
non-adiabatic behaviour is 1 1
4 2
g = (———2kaT> <§9_}_9> (5)
T T
where t is the electronic transfer integral. In the adiabatic regime, where
the charge-carrier motion is faster than the vibration of the lattice, the drift
mobility.is given by

3ea? wg W,
T2 2nkT [_Ef (6)
where W, = 2—E_Lt The resistivity is given by p = ;—é; where n is the carrier
density.

The resistvity data for a (LaggrCag33)MnO3 crystal for T>T¢ 53], is well
described by the adiabatic small polaron hopping law, p = AT exp [%@J , Up

to the structural transition temperature, 750 K, above which the temperature-
independent scattering of carriers becomes the dominant mechanism. They
therefore ascribe the localisation of the charge carriers to energetically favourable
lattice distortions. This elastic contribution to the polaron formation energy,
E, has been attributed to the A-site cation size mismatch which introduces
elastic stress into the lattice [54] [55]. A mounting body of experimental evi-
dence suggests that small polaron formation in the paramagnetic regime is due
to Jahn-Teller lattice distortion.

The static Jahn-Teller effect has previously been introduced with reference
to La®*Mn®+ O (Chapter 1), where the lattice distortion attributable to the d*
electrons of the Jahn-Teller Mn** ion results in the insulating band structure of
this end-member. In the compounds of interest, (Ag7A’03)MnOs3, the hopping
of charge carriers between Mn®+ /Mn** B-site cations leads to a dynamic Jahn-
Teller effect. The dynamically-fluctuating local distortions provide a Jahn-
Teller stabilization energy, ¢, which, when comparable to the conduction
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bandwidth, W, can result in the formation of small polarons called Jahn-Teller
polarons. As illustrated in figure 3.2 (b), the Jahn-Teller polaron carries with
1t an axial distortion of the MnOg octaheron which removes the degeneracy of
the e, band in the electronic ground state. _

This picture, theoretically described by Millis and co-workers [38], is evi-
denced by diverse and extensive experimental data which include: the anoma-
lous temperature dependence of the lattice parameters [56] [57] [58] [59] and the
optical conductivity, [60]; the infrared spectra [61]; the isotope effect where the
T¢ of (LaggCag.2)MnOs is increased by 21 K upon substitution of 0 by 20
(69] [70] [71]; and muon spin relaxation [72] The reduced value of the activa-
tion energy derived from thermopower data as compared to that estimated
from the thermally activated behaviour of the electrical conductivity is also
characteristic of small polarons, [64]  [65] [66] [67] [68].

In addition to this overwhelming evidence in favour of strong coupling to
Jahn-Teller distortions, the influence of an applied field on both the resistivity
[73] [74] and volume thermal expansion [75] above T; implies that these polarons
have some magnetic character . These observations are further evidenced by
small-angle neutron scattering studies which have confirmed the presence of
nanometre-scale magnetic clusters in the vicinity of T¢ which persist up to
~1.3T¢ [75] [76] [77]. Spin correlations on a similar scale have also been directly
evidenced by nuclear magnetic resonance above T'c [76] [78].

Thus a picture emerges of a small lattice polaron with an accompanying
magnetic polarization resulting from short-range ferromagnetic interactions. -
an effective hybrid of Holstein’s small polaron and the bound magnetic polaron
first introduced by Kasuya and Yanase [79], to account for the large magnetore-
sistive effects observed in europium chalcogenide alloys [80] and further applied
to magnetic semiconductors by von Molnér et al. [81]. The original magnetic
polaron, also called a magnetic impurity state, was conceptually viewed as an
island of local ferromagnetic order in a paramagnetic or antiferromagnetic host,
and was unaccompanied by lattice distortion. Therefore, the quasiparticles
doubtless present in the manganites, should be referred to as small magnetopo-
larons due to their elastic and magnetic character, to discriminate from other
polaron concepts.

Small magnetopolarons are the predicted outcome of Réder et al.’s theo-
retical consideration of the manganites.[40]. They were also invoked by Emin
et al. [82] to explain the large magnetoresistance exhibited by europium-rich
EuO near the Curie temperature, T¢c, and the thermally activated resistivity
for T>T¢ [83]. Emin attributed the MR effect to the abrupt collapse of de-
localised carriers into small polarons "self-localised by lattice distortions but
also dressed with a magnetic cloud” as the ferromagnet disordered. Due to
the degeneracy of a number of sites within the crystal lattice, a band of lo-
calised states could form. These energy bands would be extremely narrow,
and the carrier mobility associated with them would only predominate at low
temperatures. However, they were not regarded as extended states, even at
the highest temperatures, where the dominant counduction mechanism was
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thermally activated hopping [84] (85].
A similar scenario may hold for the manganites. If the electron transfer

energy and the electron-phonon coupling energy are nearly equal, the severe
localisation or extended state of the carriers is determined by spin disorder.
Thus, the onset of ferromagnetic order at T¢ leads to an abrupt expansion
of the polaron radius, leading to the formation of large polarons with an
itinerant character due to their small effective mass, and consequent metal-
lic conductivity. Recent extended x-ray absorption fine structure spectra on
(Lag.75 Cag.25)MnO3 [86], provide compelling evidence for ”large Jahn-Teller po-
larons” in the low temperature, metallic phase, characterised by an anomalous
extended Mn-O bond (AR = 0.09 A) The appearance of small Jahn-Teller
polarons at high temperatures, is characterised by the further elongation of
the Mn-O bond (AR = 0.21 A) . These results also suggest the coexistence
of large and small polarons immediately above the metal-insulator transition.
This observation supports theoretical conjecture of a microscopic phase seg-
regation into domains of large polarons and localised small polarons in this

intermediate temperature region [87].

(3) Variable range hopping (VRH) Besides the elastic stress introduced into
the lattice by the Jahn-Teller effect (or cation size mismatch), contributions to
the polaron formation energy, Ey, can also be Coulombic or magnetic in origin.
Many groups [88] [89] [90] have successfully fitted their resistivity data according
to Mott’s expression for the variable range hopping of electrons localised by
random potential fluctuations in the absence of electron-electron interactions,

Tt
(7 ) (7)

Mott’s theory was originally developed to explain electron transport in
doped semiconducters where the ratio of random Coulomb potential varia-
tion, AV to occupied o* bandwidth W was sufficient to produce ”diagonal”
or Anderson localisation of .electrons with a localisation length % The wave-
functions of the occupied hydrogenic orbitals, with a "fall-off” rate, «, are

written

P = Poo EXP

U = Pge " (8)

There is a competition between the potential energy difference and the distance
the electrons can hop. This is reflected in the expression of the hopping rate,

7, to a site at a distance R where the energy of the carrier is AE higher than

at the origin,

7= ype” G R ©)
A sphere of radius R contains %ﬁ%s- sites to which an electron can hop,

where v is the volume per manganese ion. Thus, the smallest value of AE, is

given by
3 =~
AR = Eﬂ%N(Em)} (10)
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vhere N(Er,) is the density of available states per m®. To minimise the hopping
rate,

1 ¥ = yoe” R E R wErr) (11)
et
¢ = ¢~ (2eR-ER P gl (12)
taen
dz . 1 ~(2aR- & R-3 -l —
7~ R R g R T —0 (1)

9
R=(—————
(87raN (Em)kT
stbstituting this value into eq. 1.11 above and letting %27 gives

) (14)

3
P pme(z.oe———N(Em)kT)% (15)

which, through comparison with Mott’s original expression, gives

183
kTo N(E.) (16)

Other derivations in the literature yield slightly different prefactors [91] [92]
93. To interpret the data for T>T¢ in terms of this model, the electronic
lensity of states, N(EFr) is taken from heat capacity measurements at low
seriperature, N(Ep) ~ 3 x 10 m™2eV~! [section 3.5]. An estimate of the
1umber of conduction electrons is 0.7/v ~1.2 x 10%® m~3corresponding to an
ccupied e, bandwidth ~0.3 eV. The value of kT, = 220 eV evaluated for
Lep7Sr03)MnO; gives a localisation length, -017 = (.14 nm, corresponding to
» room temperature average hopping distance, R = 0.50 nm and AE = 0.06
¢V. In order for this result to comply with VRH associated with Anderson
bealisation, the localisation length due to random potential fluctuations should
exceed the interatomic distance, and the hopping distance should be several
times greater. Since the average Mn-Mn distance for this compound is 0.38
1m (table 2.3), these criteria are not met.

The unphysical nature of this result prompted Viret to develop a theory of
nagnetic localisation, based on the results presented in section 3.4. He pro-
rosed that the random potential responsible for carrier localisation above T¢
1« of magnetic origin, and can be ascribed to the on-site Hund’s rule inter-
ation -Js.S, between the localised Mn tg, cores (S=32) and the spins, s, of
tie e, electrons in the ¢* conduction band. Expressing this potential, En, in
terms of 6,5, the angle subtended by two Mn core spins between which an e,

eectron hops,

Em = ';-Um(l — COSs Hij) (17)

where U, = %J g is the splitting between spin-up and spin-down e, bands.
For uncorrelated spins, P(6;;) = 3sin(6;;) is the probability of a subtending
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angle 0;;,therefore the probability of a potential barrier, B, is written

do;; 1
P(Em) = P(eij)ﬁi = 5—' : (].8)

This probability is incorporated into the calculated density of states, by mul-
tiplying P(Em) by the number of available states per m3, to give

N(En) = P(E)(1 - )2 (19)

where (1-x)=0.7 is the probability of an unoccupied e, orbital at the Mn des-
tination, ¢ ~ 0.5 is a geometric factor which accounts for the d,2 state of the
hopping electron (as opposed to a s-state [88]). g is the probability that an un-
occupied manganese orbital can accept an electron; the dynamic Jahn-Teller
effect imposes the condition that a hop may only take place if the receiveing
site is free to distort or is already suitably distorted, therefore g # 1.

Taking g ~ 0.7 for x = 0.3, results in a reduced value of the electronic
density of states results, N(Ep,)=9 x 10 m3eV~1. Substitution into eq.
1.16 above, gives

kTy = 730U v - (20)
where v is the lattice volume per manganese ion, 60 x 107*° m? U,, ~ 2
eV, resulting in a localisation length 0.45 nm for (Lag7Sre3)MnQ3. Average
hopping distances at room temperature are then 1.24 nm and AF ~ 0.06 eV.
These values appear physically plausible since localisation is on the scale of the
Mn 3d orbital and the hopping distances are 3-4 times the Mn-Mn separation.
Consensus has yet to be reached as to the precise nature of the high-
temperature phase of the manganites. However, a recent study by Ziese [94]
of the high-temperature resistivity of (Lag7Cag3)MnO3 and (Lag7Bag3)MnO;
thin films grown on various substrates, goes some way towards clarifying the
respective roles of lattice effects, and intrinsic Coulombic and magnetic disor-
der. The principal conclusions are that epitaxial films exhibit thermally acti-
vated resistivity in accordance with the small polaron model in the adiabatic
limit, whereas the data on polycrystalline films are best fitted by a variable-
range hopping law. Thus, the VRH model is believed to describe extrinisic
behaviour related to tunneling processes across grain boundaries or between
regions of nonstoichiometry, and therefore dominating the measured resistivity
behaviour of polycrystalline materials.

3.2.3 Low temperature transport (T<T))

As derived for the high temperature regime, the low temperature transport
of the manganites is most likely dominated by intergrain processes and grain
boundary scattering, resulting in the characteristically high values of residual
resistivity, py,measured [3.4]. Indeed, of the x = 0.3 doped manganites only
(Lag.7Sro.3)MnO3 meets the criterion that the mean free path of a metal should
exceed the interatomic spacing, which implies that, p, < 1.5 x 1075Qm [44].
Nevertheless, several studies have addressed the intrinsic scattering mecha-
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nisms, with the utmost attention paid to the original prediction by Kubo and
Ohata [35] for electron-magnon scattering within the double-exchange system;
o(T) T2. Most notably, Schiffer et al. (95] found for (La;_;Cagz)MnOj;
x = 0.20, 0.33, 0.45, that the resistivity for T < 0.5T¢ is well fitted by the

expression
p(T) = py + p TP (21)

where p-— , iIn contrast to the poor fit given by p— . However, with the
1ntroductlon of an additional T? term into the above expression the data is
well-fitted using p—g. The T? term, which could represent electron-electron
scattering was also invoked by Snyder et al. [53] to accurately fit data measured
on high-quality thin films of (LagerA’033)MnO3; A’ = Ca, Sr, and also gave
good agreement with the single crystal data of Urushibara et al. [96].

However, Jaime and Salamon [97], who recently studied the resistivity of a
Lag.g6(Pbos7Cag.33)MnO3 single crystal in the low temperature regime, invoke
an electron-phonon term, T° and note that the dependence on the T? depen-
dence disappears at the lowest temperatures, suggesting that electron-electron
scattering is an unlikely explanation for this ubiquitously observed quadratic
temperature dependence. They return to the standard perturbation calcula-
tions carried out on the double-exchange model by Mannari [98], which formed
the basis for the original work of Kubo and Ohata, and extend the calculation
to allow for split minority and majority spin sub-bands. The calculated p(T),
based on the calculation of one-magnon resistivity to describe spin-split bands
gives a qualitative account of the measured data.

3.2.4 Thermal properties - specific heat capacity measurements

Defined as the ratio of the heat supplied to an object to its consequent rise in
temperature, the molar heat capacity, C, is measured in Jmol™'K~!. At low
temperatures (1<T<10 K), the temperature dependence of the heat capacity
of a metal is expressed as the sum of a linear electronic term and a cubic lattice

term:
C =~T + BT? | (22)
In magnetic materials, a further term arising from spin-wave excitations varies
as T% where n derlves from the general dispersion relatlon w = Dg"*. Far

ferromagnets, n = 2, resulting in an additional term, §T%. The determmation
of the coefficient, 7, provides an estimate of the electromc density of states at
the Fermi level for both spin projections, N(EFr), since
2

In addition to the results presented [3.3], the low temperature specific heat
capacity, C(T) of the manganites has been measured by several groups [99] (100]
(101]. Most notably, the studies by Woodfield et al. [101] of (La;-Srs)MnO;
for 0 <x < 0.3 from T = 0.5 to 10 K showed that in addition to the electronic
and lattice terms, an additional T3 spin wave term and a T~? hyperfine term
improved the fit to the C(T) data. The latter term, due to nuclear moments,
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was deemed especially important due to the large internal fields in the mate-
rials. Significantly, the electronic v coefficient, found to be approximately 3.2
mJmol 'K™! for x = 0.2, 0.3 was absent for x = 0, 0.1 - a reflection of the
metal-insulator transition already evidenced by the resistance measurements.

3.3 Experimental arrangements

3.3.1 Specific heat

Measurements of the specific heat capacity were carried out at the IPCMS,
Strasbourg using a home-built pseudo-adiabatic calorimeter. Samples of width
Smm, smeared with thermally conducting Apiezon grease, were wrapped in
aluminium foil, mounted on a resistor (Cr/Ti on saphire) and placed within a
bath cryostat. Through recording the current supplied to the resistance, the
heat delivered to the sample was determined, whilst the resulting temperature
increase was measured using germanium thermometry.

3.3.2 Resistivity

Measurements of the variation of resistivity with temperature were carried out
on ceramic bars of typical dimensions, 8mm x 2mm X 2mm, using a conven-
tional four point probe method. Four silver wires fixed to the sample surface
using ~ lmm diameter silver paint blobs (Electrodag), constituted the elec-
trical contacts. As illustrated schematically in figure 3.4, the samples were
affixed to the copper block attached to the head of a closed-cycle helium re-
frigerator (APD Cryogenics). A high thermal conductivity grease used as
an adhesive, ensured that thermal contact was maintained with the sample
throughout. The temperature range of the fridge extended from room tem-
perature to ~ 13K. A chromal-gold (iron 0.03%) thermocouple controlled the
temperature of the fridge and the resultant temperature was measured by a
silicon diode (Southhampton diode) mounted beside the sample. DC currents
in the range 50 nA to 1 mA were supplied by a Keithley 224 constant current
source and the potential difference measured across the voltage contacts by a
Keithley 195A voltmeter. The system was fully PC controlled using an IEEE

lnterface‘ Voltmeter
Current source Keithley 197
Keithley 224

Silicon
Diode

Sample

IEEE
[nterface

1]

=10 pA
Current ||
source

Thermocouple

Voltmeter
Keithley 195A Temperature
Controller

Figure 3.4 Schematic diagram of the set-up used to measure resistivity as a function of
temperature for all twelve samples.
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3.4 Results

In figure 3.5(a)-(d), the specific heat capacity measured as a function of tem-
perature in the range 1.5 K to 20 K is presented for four samples: (Lag 7Sro3)MnOs3,
(Lag.7Cao.3)MnOs3, (Lag7Bag.3)MnO3 and (Ndo.7Bag 3)MnOj respectively. Through
plotting the data as C/T vs T?, the y-axis intercept corresponds to the coeffi-
cient, v, defined in equation (1.22) above, and listed for the three La samples
in Table 3.1 below.

Figure 3.6 presents the variation of resistivity measured from room tem-
perature to the lowest measurable temperature for all twelve polycrystalline
ceramics. Table 3.1 summarises the parameters extracted from the data. In
addition to the v coefficient values deduced, other values include: the tempera-
ture of the metal-insulator transition (where applicable), T}, and the resistivity
at this peak, p,; the resistivity measured in the vicinity of room temperature
prr and the resistivity at the lowest measurable temperature, p,.

The data in the thermally activated regime - this corresponds to 7" > T}, for
those samples which show a metal-insulator transition - were fitted according
to three different localisation models: an Arrhenius law, In(p) vs T~!; adiabatic
small polaron hopping, In(%) vs T~1; variable range hopping In(p) vs T-% and
additionally, In(%) vs T~% which accounts for the T-dependence of the Poo
prefactor in the variable range hopping expression of equation 11. Linear
fits were obtained by a method of least squares. The resulting correlation
coeffcient, R ? is quoted for each data set in Table 3.2 as an indication of the
fitting accuracy, where R = 1 for the perfect superposition of fitted points with
the data.
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Figure 3.5 Temperature dependence of the specific heat capacity measured for (a)
(La0,7Sr0‘3)MnO3.
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| Compound | To(K) | To(K) | p,(Qcm) | ppr (Qem) | po(Rlem) | vy i
T(K) T(K) (mJmol~1K~%)

(Lz.7Srg.3)MnO3 368 344 [ 35x107° | 2.98 x 105 (292) 1.64 x 107° 6.0
(La).7Cag.3)MnOg3 250 235 [ 73x107% | 5x1072(290) | 7.0x10~3 (17) 5.2

(Lay 7Bag.3)MnO3 350 250 |8.0x107% | 7.6x 1072 (292) | 4.1x 10" 2 (17) 6.1
(Pr).7Sr0.3)MnO3 288 237 117 0.94 (298) 0.04(17)

(Pr).7Cag.3)MnO3 220 = 2 1.62x10%(300) g

(Pri.7Bag.3)MnO3 177 140 1.36 0.20 (300) 0.78 (20)

(Ndy 7Srg.3)MnO3 220 172 132.30 4.94 (290) 7.69 (14)

(Nd; 7Cag.3)MnO3 114 - - 13.86 (297) -

(Nd; 7Bag.3)MnO3 143 107 724.12 1.62 (276) 57.88 (20)

(Smy.7Srg.3)MnO3 88 65 147 x 10° 0.72 (288) 7.18 x 10°

Smy 7Cag.3)MnO3 85 - - 0.78 (300) %

Sm( 7Bag.3)MnO3 91 - - 1.16 (290) =

Table 3.1 A summary of parameters determined from the measured temperature
dependence of resistivity.

r Compound T range (K)—[ T~ !In(p) | T~ 1In(%) T—i'.ln(p) T—'}.ln(%) |

(Lag.7Sr.3)MnO3

(Dao.7Bao 3)MaO3 | 250 — 202 | 0.91440 | 0.99303 0.02016 0.99865
(Lag.7Cap.3)MnO3 240 — 290 0.99927 0.99969 0.99953 0.99969
(Pro.7St0.3)MnO3 | 250 — 288 | 0.96330 | 0.96329 | 0.99571 0.00883
(Pro.7Bag.3)MnO3 160 — 276 0.95557 0.96619 0.97326 0.98138
(Pro.7Cag.3)MnO3 90— 282 0.84701 0.87702 0.89184 0.96395
(Ndp 7Srp.3)MnO3 180 — 292 0.99471 0.99525 0.99821 0.99854
(Ndg.7Bag.3)MnO3 114 — 276 0.99309 0.99939 0.99940 0.99944
(Ndo 7Cag 3)MnOs | 04 — 207 | 008812 | 098831 | 0.09831 0.09851
(Smp 7Srp.3)MnO3 67 — 288 0.99053 0.98005 0.99725 0.99812
(Smo.-Bag 3)MnO3 | 94 — 290 | 0.09690 | 0.09636 | 0.99935 0.99958
(Smo.7Cag.3)MnO3 71 — 300 0.98972 0.98908 0.99983 0.99985

Table 3.2 The correlation coefficient evaluated from fitting the data in the thermally

3.5 Discussion

Heat capacity measurements in the range 1.5 to 20 K for four samples,
(La0_7Sro,3)Mn03, (La0,7Ca0_3)Mn03, (Laquao,g)MnOg and (Nd0.7Bao,3)Mn03
are presented in figure 3.5. The data for the La compounds can all be fitted
using the relation for the usual temperature dependence of a metal, equation
21. Thus, through plotting % versus T2, the y-axis intercept gives the value
of the v coefficients which are listed in Table 3.1. (However, the large excess
heat capacity displayed by the neodymium perovskites below 40 K, prevent the
quanititative separation of the ¥T term. This Schottky anomaly most likely
originates from the crystal field of the Nd** ion which orders magnetically at
~ 1K [section 4.4]). :

Using relation (23) and v ~ 6 mJmol 'K =2, density = 4605 kg/m® and mo-
lar mass = 226 x 107 kg/mol, experimentally determined for (Lag 7Sro.3)MnOs,
vields a value of carrier density at the Fermi level of N(Ep) ~ 3x 102 m™%eV~1.
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As previously discussed [section 3.2.2(3)], inserting this value into a VRH
model based on Anderson localisation, yielded implausible localisation and
hopping lengths; thus inspiring an additional localisation mechanism of mag-
netic origin to be invoked and the consequent formulation of the magnetic
localisation theory.

As illustrated in Table 3.1, the transport behaviour of the twelve manganites
studied may be divided into two distinct categories: compounds which show an
activated conduction down to the lowest temperatures and those which exhibit
a transition from an activated conduction mechanism to a metallic regime as
the temperature is lowered. For all twelve samples, without exception, the
data corresponding to activated conduction are best fitted to a variable range
hopping law, T'%.ln(%) [table 3.2].

The latter result was originally explained in terms of spatial fluctuations
in the Coulomb and spin-dependent potentials which localise the e](c* band)
electrons in large wave packets (with respect to the Mn-Mn separation) ne-
cessitating hops beyond nearest neighbours to sites with a smaller potential
difference. A self-consistent theory of magnetic localisation was formulated,
through incorporating random, spin-dependent potential fluctuations of mag-
netic origin into Mott’s original variable-range hopping theory, as previously
outlined in 3.2.2(3). Within this model, the observed metal-insulator transi-
tion is attributed to a narrowing of the random distribution of spin directions
in the internal molecular field below T, leading to a decrease in the average
magnetic potential fluctuations, AV.

The origin of the colossal magnetoresistance effect in an applied field is
similarly explained. The notable absence of the metal-insulator transition in
four of the compounds studied, namely, (Pro7Cag3)MnOs, (Ndo.7Cag.3)MnO;3,
(Smg.7Cag3)MnO; and (Smg7Bags)MnOs, is also broadly compatible with the
rudiments of this theory. Viewed in terms of A-site cation radii [section 2.3.2],
these Ca?’ containing manganites represent those samples with the smallest
weighted average A-site radius, < r4 >, whereas (Smg7Bag3)MnO3 is the
compound with the largest A-site ionic size mismatch as expressed by the
variance o2, noted in table 2.3. The influence of < r4 > and the correspond-
ing Mn-O-Mn bond angle on the transfer integral t;; [equation 3.2] and e,
conduction bandwidth, W, is derived in the following chapter [section 4.2.4].
Here, however, let it suffice to note that the narrower, occupied ¢* bandwidth,
W, characteristic of compounds with a decreased Mn-O-Mn bond angle, may
be sufficiently reduced so as to maintain the ratio AV/W above the critical
value necessary for the weak localisation of e, electrons on an extended length
scale consistent with the ferromagnetic interaction. The influence of a large
A-site cation size mismatch is consistent with this interpretation [102].

Despite the successful reproduction of the manganites’ experimental be-
haviour by the magnetic localisation model [103], and the ubiquitous obser-
vation of a T~% resistivity variation [104], the extension of a theory initially
proposed in the low temperature limit, to a higher temperature regime raises
some concern. Mott’s original theory was proposed in the low temeperature
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limt where electron hopping is always of variable-range type since the ther-
ma. energy is insufficient to allow electrons to hop to their nearest neighbours.
Thus, it is more favourable for the electrons to hop further to find a site with
a snaller potential difference. An inherent difficulty in applying low temper-
atwe physics to higher temperature regimes, is that quantum coherent states
extending across many atoms are disrupted by additional energy contributions,
most notably, phonon interactions. It therefore becomes increasingly difficult
to vrite good quantum mechanical wavefunctions, as required by the VRH
theery. Thus, at higher temperatures, nearest-neighbour hopping (Inp ~ %)
is tle more likely activated conduction mechanism.

As mentioned above [section 3.2.2(3)], Ziese’s conclusion that VRH be-
havour is an extrinsic transport mechanism, offers a plausible resolution of
thes: conflicting observations. However, this statement implies that resistivity
date originating from polycrystalline materials can merely provide qualitative
analysis of the transport mechanisms in the manganites. Furthermore, the
use of the intrinsic density of states in the calculation of a localisation length
associated with an extrinsic mechanism is difficult to justify.

I the absence of a complimentary set of p(T) data measured on single
crystal samples - which through comparison with the data set presented could
conclusively separate the intrinsic and extrinsic transport mechanisms - the
observation of a ferromagnetic insulating state in four samples remains the
most noteworthy result. Assuming, in accordance with Ziese’s study, that
the intrinsic resistivity of the manganites in the paramagnetic regime is best
described by hopping of small polarons in the adiabatic limit, the absence
of a metal-insulator transition in these compounds is re-addressed within the
" corresponding theoretical framework developed by Millis et al. [see section
3.2.1. In this model, the dynamic Jahn-Teller effect leads to the localisa-
tion of conduction band electrons as small polarons in the high temperature
regime. The competition between electron itinerancy and self-trapping is
controlled by the dimensionless ratio, A.ss, of the Jahn-Teller stabilisation en-
ergy, 5,1 (also referred to as the ”self-trapping energy”) to electron itinerancy
energy, parametrised by an effective hopping matrix element ¢, (directly cor-
respoading to the transfer integral, t;; of equation 3.1). The reduction of A.ff
below a critical value, Ac induces the expansion of small polarons into band
electrons; double-exchange leads to an increase in t.ff as T is reduced through
Tc . However, as outlined with respect to the analogous role of AV/W in
the magnetic localisation model above, for those compounds with small <rs>,
tes is much reduced, thus off-setting the effect of lowering the temperature.

To summarise, the measured transport properties of these twelve polycrys-
talline manganites originally provided the foundation for a theory of electron
localisation which influenced earlier discussion of the manganites transport
properties. However, in light of recent results, the data are best interpreted in
terms of a variable-range hopping mechanism which is attributed to extrinsic
effects such as electron tunneling through grain boundaries. Theories of small
magnetopolaron formation due to the dynamic Jahn-Teller effect may go some
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way to describing the intrinsic properties of these materials; attributing the
essential physics of the metal-insulator transition to strong-electron phonon
coupling within the framework of double-exchange. '

60



w =

[18]

[19]

G. H. Jonker and J. H. Van Santen, Physica 16, 337, (1950).

J. H. Van Santen and G. H. Jonker, Physica 16, 599, (1950).

J. Volger, Physica, 20, 49, (1955).

C. W. Searle and S. T. Wang, Canadian Journal of Physics, 48, 2023, (1970).

C. W. Searle and S. T. Wang, Canadian Journal of Physics, 47, 2703, (1969).

A. H. Morrish, B. J. Evans, J. A. Eaton, L. K. Leung, Canadian Journal of Physics, 47,
2691, (1969).

L. K. Leung, A. H. Morrish and C. W. Searle, Canadian Journal of Physics, 47, 2697,
(1969).

R. vonHelmbholt, J. Wecker, B. Holzapfel, L Schultz and K. Samwer, Physical Review
Letters, 71, 2331, (1993).

K. Chahara, T. Ohno, M. Kasai and Y. Kozono, Applied Physics Letters, 62, 1990, (1993).
S. Jin, M. McCormack, T. H. Tiefel and R. Ramesh, Journal of Applied Physics, 76, 6929,
(1994).

M. Baibich, J.-M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. Etienne, G. Creuzet,
A. Fredrich and J. Chazelas, Physical Review Letters, 61, 2472, (1988).

R. Mahendiran, R. Mahesh, A. K. Rauchauhuri and C. N. R. Rao, Physical Review B 53,
12160, (1996)

Philosophical Transactions of the Royal Society London A, 356, 1635, (1998).

J. S. Fontcuberta, Philosophical Transactions of the Royal Society London A, 356, 1577,
(1998).

K. Khazeni, Y. X. Jia, V. H Crespi, L. Lu, A. Zettl and M. L. Cohen, Journal of Physics:
Condensed Matter, 8, 7723, (1996).

H. Yoshizawa, H. Kawano, Y. Tomioka and Y. Rokura, Journal of the Physical Society of
Japan, 65, 1043, (1996).

G. C. Xiong, Q. Li, H. L. Ju, S. N. Mao, L. Senapati, S. S. Li, R. T. Greene and T.
Venkatesan, Applied Physics Letters, 66, 1427, (1995).

G. C. Xiong, Q. Li, H. L. Ju, R. L. Greene and T. Venkatesan, Applied Physics Letters,
66, 1689, (1995).

N-C. Yeh, R. P. Vasquez, J. Y. T. Yeh and C. C. Fu, Proceedings of Materials Research
Society Meeting, San Fransisco, California, (Pittsburgh Pennsylvania: Materials REsearch
Society), 1997.

N-C. Yeh, C. C.Fu, J. Y. T. Wei, R. P. Vasquez et al , Journal of Applied Physics, 81, 97,
(1997).

S. Jin, T. H. Tiefel, M. McCormack, H. M. O'Bryen, L. H. Chen, R. Ramesh and D.
Schurig, Applied Physics Letters, 67, 557, (1995).

H. Y. Hwang, S. W. Cheong, N. P. Ong and B. Batlogg, Physical Review Letters, 77, 2041,
(1996).

J. S. Helman and B. Abeles, Physical Review Letters, 37, 1429, (1976).

A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. Zhang, F. E. Spada, F. T.
Parker, A. Hutten and G. Thomas, Physical Review Letters, 68, 3745, (1992).

" H. L. Juand H. Sohn, solid State Communications, 102, 463, (1997).

L1. Balcells, J. Fontcuberta, B. Martinez and X. Obradors, Journal of Physics - condensed

- matter, 10, 1883, (1998).

G. J. Snyder, M. R. Beasley, T. H. Geballe, R. Kiskes, S. DiCarolis, Applied Physics

Letters, 69, 4254, (1996).

61




R. Shreekala, M. Rajeshwari, K. Ghosh, A. Goyal, J. Y. Gu, C. Kwon, Z. Trajanovic, T.
Boettcher, R. L. Green, R. Ramesh and T. Venkatesan, Apphed Physics Letters, 71, 282,
(1997).

X. W. Li, A. Gupta, G. Xiao and G. Q. Gong, Applied Physics Letters, 71, 1124, (1997).
J. Y. Gu, C. Kwon, M. C. Robson, Z. Trajanovic, K. Ghosh and R. P. Sharma, Applied
Physics Letters, 70, 1763, (1997).

A. Gupta, G. Q. Gong, G. Xiao, P. R. Duncombe, P. Lecoeur, P. Trouillard, Y. Y. Wang,
V. P. Dravid and J. Z. Sun, Applied Physics Letters, 69, 3266, (1996).

N. D. Mathur, G. Burnell, S. P. Isaac, T. J. Jackson, B-S. Teo, J. L. MacManus-Driscoll,
L. F. Cohen, J. E. Evetts and M. G. Blamire, Nature, 387, 266, (1997).

K. Steenbeck, T. eick, K. Kirsch, K. O'Donnell and E. Ste1nbe18 Applied Physics Letters,
71, 968, (1997).

J. M. D. Coey, Philosophical Transactions of the Royal Society London A, 356, 1519,
(1998).

K. Kubo and N. Ohata, Journal of the Physical Society of Japan, 33, 21, (1971).

P. W. Anderson and H. Hasegawa, Physical Review 100, 675, (1955).

N. Furukawa, Journal of the Physical Society of Japan, 63, 3214, (1994).

A. J. Millis, P. B. Littlewood and B. I. Shraiman, Physical Review Letters, 74, 5144
(1995).

A. Georges and B. G. Kotliar, Physical Review B 45, 6479, (1992).

H. Roder, J. Zang and A. R. Bishop, Physical Review Letters, 76, 1356, (1996).

C.M. Varma, Physical Review B 54, 7328, (1996).

E. L. Nagaev, Physical Review B 54, 16 608, (1996).

M. Viret, L. Ranno and J .M. D. Coey, Physical Review B 55. 8067, (1997).

N. F. Mott, Metal-Insulator Transitions (2nd edition), (Taylor and Francis, 1990).

R. M. Kusters, J. Singleton and D. A. Keen, Physica B 155, 362, (1989).

M. F. Hundley, M. Hawley, R. H. Heffner, Q. X Jia, J. J. Neumeier, J. Tesmer, J. D.
Thompson and X. D. Wu, Applied Physics Letters, 67, 860, (1995).

G. C. Xiong, S. Bhagat, Q. Li, M. Dominguez,H. Ju, R. Greene and T. Venkatesan, Solid
State Communications, 97, 599, (1996).

J.-H. Park, C. T. Chen, S. -W. Cheong, W. Bao, G. Meigs, V. Chakarian and Y.U. Idzerda,
Physical Review Letters, 76, 4215, (1996).

J.-H. Park, C. T. Chen, S. -W. Cheong, W. Bao, G. Meigs, V. Chakarian and Y. U.
Idzerda, Journal of Applied Physics, 79, 4558, (1996).

T. Holstein, Annalen Physik, 8, 343, (1959).

P. Gerthsen and K. H. Hardtl, Zeitschrift Naturforschung (a), 17, 514, (1962).

R. R. Heikes, R. C. Miller and R. Mazelsky, Physica, 30, 1600, (1962).

G. J. Snyder, R. Hiskes, S. DiCarolis, M. R. Beasley and T. H. Geballe, Physical Review B
53, 14434, (1996).

M. Jaime, H. T. Hardner, M. B. Salamon, M. Ruinstein, P. Dorsey and D. Emin, Physical
Review Letters, 78, 951, (1997).

M. Jaime, H. Hardner, M.B. Salamon , M. Rubinstein, P. Dorsey and D. Emin, Journal of
Applied Physics, 81, 4958, (1997). )

V. Caigneart, E. Suard, A. Maignan, C. Simon and B. Raveau, Jounral of Magnetism and
Magnetic Materials, 153, 1260, (1996).

J. L. Garcia-Munoz, J. Fontcuberta, M. Suuaidi and X. Obradors, Journal of Physics:

62



[79]
(80]
(81]

82
&
- [(84]

Condensed Matter, 8, L787, (1996).

P. G. Radaelli, M. Marezio, H. Y.Hwang, S-W. Cheong and B. Batlogg, Physical Review B
54, 8992, (1996). '

D. N. Argyriou, J. F. Mitchell, C. D. Potter, D. G. Hinks, J. D. Jordensen, and S. D.
Bader, Physical Review Letters, 76, 3826, (1996).

S. G. Kaplan, M. Quijada, H. D. Drew, D. B. Tanner, C. G. Xiong, R. Ramesh, C. Kwon
and T. Venkatesan, Physical Review Letters, 76, 2081, (1996).

K. H. Kim, Physical Review Letters, 77, 1877, (1996).

C. H. Booth, F. Bridges, G. J. Snyder and G. T. Geballe, Physical Review B 54, R15606,
(1996).

C. H. Booth, F. Bridges, G. H. Kwei, J.M. Lawrence, A. L. Cornelius and J. J. Neurneier,
Physical Review B 57, 10440, (1998).

I. Tanaka, M. Umehara, S. Tamura, M. Tsukioka and S. Ehara, Journal of the Physical
Society of Japan, 51, 1236, (1982).

/. H. Crespi, L. Lu, Y. X. Jia, K. Khazeni, A. Zett]l and M.Cohen, Physical Review B 53,
4303, (1996).

i-S. Zhou, W. Archibald and J. B. Goodenough, Nature 381, 770, (1996).

T. T. Palstra, A. P. Ramirez, S-W. Cheong, B. R. Zegarski, P. Schiffer and J. Zaanen,
Physical Review B 56, 5104, (1997).

1. F. Hundley and J. J. Neumeier, Physical Review B 55, 11511, (1997).

G. Zhao, K. Conder, H. Keller and K. A. Miiller, Nature 381, 676, (1996).

G. Zhao, M. B. Hunt and H. Keller, Physical Review Letters, 78, 955, (1997).

I Isaac and J. P. Franck, Physical Review B 57, R5602, (1998).

I. H. Heffner, L. P. Lee, M. F. Hundley, J. J. Neumeier, G. M. Luke, K. Kojima, B.
Pachumi, Y. J. Uemura, D. E. MacLAughlin and S.-W. Cheong, Physical Review Letters,
77, 1869, (1996).

N. Jaime, M. B. Salamon, K. Pettit, M. Rubinstein, R. E. Treece, J. S. Horowitz and D.
E. Chrisey, Applied Physics Letters, 68, 1576, (1996).

J Fontcuberta, B. Martinez, A. Seffar, S. Pifiol, J. L. Garcia-Munoz and X. Obradors,
Eirophysics Letters, 34, 379, (1996).

J M. De Teresa, M. R. Ibarra, P. A. Algrabel, C. Ritter, C, Marquina, J. Blasco, J. Garcia,
A del Moral and Z. Arnold, Nature, 386, 256, (1997).

J.Lynn, R. Erwin, J. Borchers, Q. Huang and A. Santoro, Physical Review Letters, 76,
446, (1996).

J.M. De Teresa, M. R. Ibarra, J. Blasco, J. Garcia, C. Marquina, P. Algrabel, Physical
Review B 54, 1187, (1996).

C:.. Kapuzta, P. C. Reidel, G. J. Tomka, W. Kocemba, M. R. Ibarra, J. M. De Teresa, M.
Vret and J. M. D. Coey, unpublished data.

T.Kasuya and A.Yanase, Reviews of Modern Physics 40, 684, (1968).

L.Esaki, P. J. Stiles and S. von Molnér, Physical Review Letters, 19, 852, (1967).

S.Von Molnér, A. Briggs, J. Flouquet and G. REmenyi, Physical Review Letters, 51, 706,
(1183).

D.Emin, M. S. Hillery and N. L. Liu, Physical Review B 35, 641, (1987).

T.Penney, M. W. Shafer and J. B. Torrance, Physical Review B 5, 3669, (1972).
D.Emin, contributed to Electronic Properties of Amorphous Semiconductors, edited by P.
G.Le Comber and N. F. Mott, (Academic Press, New York, 1973).

63




(85]
[36]

[87]
[88]

0]

[98]
[99]

[100]

[101]
[102]
[103]
[104]

M. S. Hillery, D. Emin and N. H. Liu, Physical Review B 38, 9771, (1988).

A Lanzara, N. L. Saini, M. Brunelli, F. Natali, A. Bianconi, P. G. Radaelli and S-W.
Caeong, Physical Review Letters, 81, 878, (1998).

J. B. Goodenough and J. S. Zhou, Nature, 386, 229, (1997). A

J.M. D. Coey, M. Viret, L. Ranno and K. Ounadjela, Physical Review Letters, 75, 3910,
(1995).

Y X. Jia, Li Lu, K. Khazeni, D. Yen, C. S. Lee and A. Zettl, Solid State Communications,
94, 917, (1995).

P. Wagner, V. Metlushko, L. Trappeniers, A. Vantomme, J. Vanacken, G. Kido, V.
Mbshchalkov and Y. Bruynserade, Physical Review B 55, R14721, (1997).

N. F. Mott and E. A. Davies, Electronic processes in noncrystalline solids, 2nd edition,
(Cxford University Press, 1979).

H. Boettger and V. Bryskin, Hopping conduction in solids, (Akademic-Verlag, Berlin,
1935).

V. Ambegaokar, B. I. Halperin and J. S. Langer, Physical Review B 4, 2612, (1971).

M. Siese and C. Srinitiwarawong, Physical Review B 58, 11519, (1998).

P. Schiffer, A. P. Ramirez, W. Bao and S.-W. Cheong, Physical Review Letters, 75, 3336,
(1995).
A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido and Y. Tokura, Physical
Review B 51, 14103, (1995).

M. Jaime and M. B. Salamon, Electronic Transport in La-Ca Manganites, (Plenum Press,
1999).

I. Mannari, Progress in Theoretical Physics, 22, 325, (1959).

J. J. Hamilton, E. L. Keatley, H. L. Ju, A. K. Raychaudhuri, V. N. Smolyaniova and R. L.
Greene, Physical Review B 54, 14926, (1996).

A. P. Ramirez, P. Schiffer, S-W. Cheong, W. Bao, T. T. M. Palstra, P. L. Gammel, D. J.
Bishop and B. Zegarski, Physical Review Letters, 76, 3188, (1996).

B. F. Woodfield, M. L. Wilson and J. M. Byers, Physical Review Letters, 78, 3201, (1997).
L.M. Rodriguez-Martinez and J.P. Attfield, Physical Review B 54, R15622, (1996).

M. Viret, L. Ranno and J. M. D. Coey, Journal of Applied Physics, 81, 4964, (1997).

J. M. D. Coey, M. Viret and S. von Molnér, Advances in Physics, 48, 167, (1999).

64




Chapter 4
Magnetic properties

4.1 Introduction

The first glimpse of the manganites’ rich magnetic phase diagram was of-
fered by Wollan and Koehler [1], courtesy of their extensive neutron and X-ray
diffraction study of (La;_zCaz)MnO3, 0 < x < 1. Amidst the variety of mag-
netic ground states [figure 1.4] the compound with x = 0.3 was established
as the strongest ferromagnet -with a magnetic moment approaching the the-
oretical spin only value, 3.7 ug/formula unit— and the lowest resitivity, in
accordance with the double-exchange model [chapter 1].

Despite its inadequacies at higher temperatures [3.2.2], double-exchange
governs the manganites’ low temperature physics and provides an accepted
starting point for a microscopic description of their magnetic ground states;
mobile electrons mediate the ferromagnetic double-exchange interaction through
hopping between localised Mn sites with spin memory and the efficiency of the
double-exchange mechanism is governed by the transfer integral, t;; which de-
scribes the hopping of the itinerant-c* electrons between the adjacent Mn sites:

ti; = bacos(e—;l)

where 6;; is the angle between the two spin directions and b, is the electron
transfer matrix element which depends on the spatial wavefunctions. As
derived later in this chapter [section 4.2.4], the structural distortion resulting
from the reduced size of the A-site cations, relative to that of the oxygen anions,
directly influences the ¢* bandwidth and consequently the transfer integral.
Therefore, a collinear arrangement of Mn-O-Mn ions, characterised by a bond
angle of 180° and global cubic symmetry, corresponds to maximum t;; and
optimised ferromagnetic exchange reflected in a high ordering temperature,
Te.

The ferromagnetic state resulting from double-exchange as the sole, dom-
inant interaction, is expected to be 100% spin-polarised. Consideration of
the Hund’s rule on-site exchange interaction between the spin of an itinerant
e, electron (s =1) with that of a localised ty, electron, (S = $) gives an ex-
change splitting, Uy = J5(S+3) = 2J4. Optical conductivity data estimates
Ue = 2-3 €V [2], which exceeds the e, electron bandwidth, W = leV, lead-
ing to a fully-spin polarised electronic density of states that is characteristic
of half-metallic ferromagnetism. Defined by a semi-conductor-like energy gap
for one of the spin projections at the Fermi level coexisting with the metal-
lic behaviour of the other spin sub-band [figure 4.1], the half-metallic nature
of the manganites has been widely discussed, [3] [4] [5]. A recent spin-resolved
photoemission study of a (Lag7Srg3)MnO; film determined an insulating gap



~0.6 eV on the occupied side of the minority-spin states and full polarisa-
tion of the majority spins at 40 K [6]. However, band structure calculations
of (La% Ca 1 )MnOj3 predicted a mere 36% spin-polarisation at the Fermi level
[7] and other experimental techniques have yielded 54% (8] and 81% [9] for the
conduction electrons of (La_g_ Sr_ax)Mnog tunnel junctions, as determined by pre-
vious spin-resolved tunneling measurements at 4.2K. Most recently, the spin
polarization of (Lag7Sre3)MnO; was estimated to be 78 + 4% at 4.2 K, by
a novel technique which measured the suppression of Andreev reflection at
the interface of a superconding point contact and the material [10]. In short,
conclusive evidence of half-metallic behaviour has yet to be demonstrated.

Figure 4.1 A schematic diagram showing the density of states for a postulated half-metallic
ferromagnetic manganite.

Although the charge-ordering of Mn3t/Mn** ions [11] is favoured by com-
pounds with a typical doping ratio, x = -;-, % or i—, extensive neutron diffraction
studies of (Prg;Cag3)MnO3 have shown both ferromagnetic and antiferromag-
netic peaks below 220 K [12], suggesting local charge-order manifested as small
domains of CE type antiferromagnetism [figure 1.4]. This compound may be
regarded as an assembly of ferromagnetic and antiferromagnetic nanodomains,
or as a ferromagnet with random spin canting so that the average angle between
a manganese moment and the ferromagnetic z axis is about 60°. The trans-
formation of this partly charge-ordered insulator into a ferromagnetic metal
has been successfully achieved upon application of numerous external stimuli:
a magnetic field [13]; pressure [14]; an electric current [15]; through irradiation
with X-rays [16], infrared [17] and visible light [18]. This first-order magnetisa-
tion process, brought about at 4.2 K in an applied field of ~ 67 is referred to
as a "charge-melting” transition [4.3.4 (b)].

The preceeding chapter discussed the need to develop the double exchange
mechanism in conjunction. with other interactions so as to explain the most
prominent feature of the manganites, namely the magnitude of the change in
resistivity at the ferromagnetic transition [19]. As the temperature is raised,
both double-exchange and polaronic distortions most likely due to the dynamic
Jahn-Teller electron-lattice coupling of the Mn3* ion are required to describe
the magnetic structure of the x = 0.3 manganites. In 4.2.4 the paramagnetic
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regime of the manganites under study is discussed with reference to the current,
somewhat ambiguous picture of cluster formation above T¢.

Discussion of the manganites’ magnetic structure has long neglected the di-
rect contribution of the magnetic rare-earth ions of the A-site [20]. The detailed
inelastic neutron scattering studies by Podlesnyak et al. represent conspicuous
exceptions, in which the rare-earth energy levels of Pr®* and Nd** in PrGaO;
[21] and NdGaO; [22] were investigated. Likewise, through measuring the heat
capacity of NdGaO3, Bartolomé et al. [23] probed the magnetic interaction
of the rare-earth ions; the non-magnetic Ga®* ion facilitated the study of the
isolated rare-earth in a perovskite environment. These gallates both crys-
tallize in orthorhombically distorted variants of the ideal perovskite structure
with characteristic space groups Pbnm and Pbn2; for PrGaO; and NdGaO;
respectively. Their A-site point symmetry is significantly lowered from the
ideal cubic, m3m to a single mirror plane, m in the Pr compound and a C,
two-fold axis in NdGaO3z. The crystal field resulting from this distorted en-
vironment serves to entirely lift the ninefold degeneracy of the ground state
Pr** multiplet, *Hy, leaving the rare-earth in a singlet ground state [figure
4.2(a)]. Moreover, the ground state 4I% multiplet of Nd** is split into the
fve Kramers doublets* of figure 4.2(b), with the 90 cm™! energy gap between
the ground and first excited doublet ensuring that at low temperatures, the
sround doublet is the only occupied level.

100 60

60 50 4
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205 10
PrGaO; I NdGaO, J J
0

(@) (b)

Figure 4.2 The energy-level scheme of (a) Pr®* in PrGaOs and (b) Nd** in NdGaOs3 as
determined by inelastic neutron scattering.

These results provided a basis for the calculation of the crystal field inter-
action at the rare-earth site of some of the Pr and Nd manganites. Theo-
retical calculation of these crystal field effects complement the experimental
magnetisation data presented providing a more complete description of these
compounds magnetic sublattice arrangements.

If a system containing an odd number of electrons is placed in an external electric field (in this case the
crystal field), at least a twofold degeneracy in the levels will remain. This theorem was expressed by
Kramers [24] and the resulting twofold degenerate levels are thus named Kramers doublets.
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With this aim in mind, this chapter concludes with a discussion of the
inter- and intra-atomic coupling in the neodymium manganites, with reference
to the dichroic spectra measured for these compounds using the powerful X-ray
magnetic curcular dichroism technique described. _

In conclusion, the magnetic structures of the manganese perovskites are
described by double-exchange in conjunction with additional interactions. The
antiferromagnetic superexchange interaction between the localised tq, spins,
the intersite Coulomb interaction betwen e, electrons and the electron-lattice
interaction occasionally compete with the ferromagnetism of double-exchange,
to produce the complex but intriguing phase diagram characteristic of these

materials.

4.2 AC-susceptibility measurements

The analysis of a sample’s magnetic susceptibility provides qualititative in-
formation as to the strength of it’s inherent magnetic interactions. Forty
years ago, such investigations were carried out by Jonker [25] and Lotgering [26]
to experimentally determine the contribution of the newly proposed ”double-
exchange” to the interactions in La;_,Ba,MnO; (0< x< 0.25). Today, with
the double-exchange mechanism generally accepted as providing a good de-
scription of the low temperature, ferromagnetic ground state of these materi-
als, susceptibility analysis can contribute to the ongoing discussion regarding
cluster or polaron formation in the managnites’ high temperature phase, (see
chapter 3), as an enhanced Curie-Weiss susceptibility would be a key signature
of the magnetic polarons believed to exist above the ordering temperature T¢.
The low field ac-susceptibility measurements presented provide a means of es-
timating these ordering temperatures, which are shown to correlate with the
structural parameters introduced in chapter 2. Additionally, the measured
data are discussed with reference to the postulated polarons of the paramag-

netic regime.
4.2.1 Background

The magnetic susceptibility of a sample is the dimensionless quantity describ-
ing the response of the magnetization, M, of a material to a small change in

the external field, H,
M
(1)

H
A rapid rise in the initial magnetic susceptibility of a sample with falling

temperature marks the onset of magnetic order. By extrapolating the region
of steepest descent on a plot of 1/x against T from its value at higher tem-
peratures, the ordering temperature may be determined. This temperature
dependence is expressed as the Curie-Weiss law,

C
X=1T=5) (2)

where x 'is the paramagnetic susceptibility, C' the Curie constant and 6, the
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paramagnetic Curie temperature. The Curie constant for free ions, C, is given
by

O e N,Uo#?'BPfo (3)

3k :

where N is the total number of paramagnetic entities per cubic metre; p.yy,
the effective Bohr magneton number which is defined for 3d ions as Deff =
g/ S(S + 1) where g is the Landé factor and S is the spin angular momentum
quantum number.

It is customary to measure the initial susceptibility of a sample through
applying a small, low-frequency alternating field. A suitable lock-in technique
separates the induced in-phase and out-of-phase response of the induced signal,
which corresponds to the real component X" and imaginary (lossy) component,
x ~ “of the measured ac-susceptibility.

If the applied field is expressed as the sum of a static field, H and a sinusoidal
ac-applied field of frequency w = 27 f and amplitude H;

H(t) = H + H; coswt (4)
then the magnetization may be represented by
M(t) = M+ M cos(wt — @)
= My + M coswtcos ¢+ M, sinwtsin ¢ {4.5}
where My is the equilibrium value of the magnetization in this static field
and ¢ is the phase (or "loss”) angle by which the magnetization lags behind
the oscillating field. The static field is typically presumed parallel to the
oscillating one, hence the equations may be written in scalar form. Then by
analogy to equation 1.1 above,

g Mj cos ¢ e M sin ¢
H, H,
so that x/x "= tan¢. Equation 1.4 then becomes
M(t) = xoH + xXH, coswt + x " "Hy sinwt (6)
Thus, in complex notation
H(t) = H + H,e™* (7)
and
M(t) = My + xHie™* (8)
Thus,
Xae =X —ix"" = |x|]e™* (9)

x and x  “show dependence on the magnitude of the static field H as well as
the frequency of the ac-field. The variation of the real component, X with
frequency w is called the paramagnetic dispersion; x *“the imaginary part of
the ac-susceptibility is proportional to the energy absorbed by the substance
from the oscillating field.
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4.2.2 Experimental arrrangements

The mutual inductance method employed for measuring ac-susceptibility, in-
volved applying an alternating magnetic field to the sample by means of a
primary (magnetising) coil and detecting the induced emf with a system of
two secondary (measuring and compensating) coils wound in opposite direc-
tions. The co-axial, concentric arrangement of these coils ensured that in the
absence of a sample, no emf was induced in the sample space, whereas the
emf induced in the secondary coil in the presence of a sample, was directly
proportional to the magnetic susceptibility of that material,

1. .o
Uemf — EVE-’;HIXM (1O>

where V is the volume of the sample, 7= and H; the frequency of the alternating
field and its amplitude respectively, whilst « is a calibration coefficient.

Measurements in the temperature range, 5 K - 295 K, and a 80A/m alter-
nating applied field (% = 1k Hz) were carrried out in a homemade co-axial sus-
ceptometer housed within an evacuated inner dewar which in turn was situated
within a stainless steel chamber. Prior to the measurement, liquid nitrogen was
poured into the outer chamber and liquid helium subsequently transferred to
the inner dewar to reach the lowest temperatures. Data points were measured
whilst heating the sample using a non-inductively wound manganin wire heater
powered by an Isotherm power supply. A silicon diode was used as a tem-
perature sensor, and the system was fully PC controlled. A second arrange-
ment of concentric coils in conjunction with a non-inductively wound plat-
inum coil heater was used to obtain data above room temperature under vac-
uum, for the samples, (Lag7Sro3)MnOs, (Lag7Cag3)MnOg3,(Lag7Bag3)MnOs3,
(Pro_7Sro,3)Mn03 and (Ndo_7SI‘o,3>MHOg.

The polycrystalline samples were prepared as narrow cuboids of typical
dimensions 6mm x 2mm x 2mm so as to minimise demagnetising effects. [see

4.2.4]
4.2.3 Results

The real ac-susceptibility data, x{T), measured for all twelve manganites, are
presented in figure 4.3. The insert in each figure shows the 1/x{T") dependence
for each sample, and the ordering temperatures evaluated from this data using
equation 1.2 above, are summarised in the following Table 4.1.
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[ Compound LTC (K)j
(Lao 7SI‘0 3 Mn03 368
(Lag.7Cag 3)MnO3 250
(Lag.7Bag.3)MnO; 350
(Pro.7Sr0.3)Mn O3 288
(Pro 7Cao 3)MIIO3 220
(
(
(
(

Pry7Bag.3)MnO3 177
Ndo 7Sr0 3 Mn03 220
ng 7Ca0 3 MD.O3 114
Ndo. 7Bao 3 MnO:; 143

(Smo SI‘O 3 Mn03 88
(Smo 7Cao 3 Mn03 85
(Smg 7Bag.3)MnO3 91

Table 4.1 A summary of the ordering temperatures determined for all twelve manganites.

4.2.4 Discussion

The ac-susceptibility data are discussed with reference to the correlation of
T with crystal structure, as represented by < r4 > (the mean radius of the
A-site cations) for the twelve manganites. A general discussion of the low
temperature x'(T) data is followed by a study of thel/x/(T") behaviour above
T¢ in terms of both cluster formation and a possible distribution of T¢ in a
representative sample.

4.2.4.1 Correlation of T with crystal structure

It has long been established that the exchange interactions of the manganites
are dependent on the interionic separation of the mangnese ions within the
crystal lattice [25] [27] [28]. Moreover, the strength of these interactions corre-
late with the bond angle supported by two Mn®*/4* ions in octahedral sites.
This was first demonstrated by Havinga [29] who calculated the Mn-O-Mn in-
terbond angles of a series of distorted perovskites from their ” pseudo-cubic”
lattice parameters, assuming a model of stiff octahedra and a fixed Mn-O
bond length. The validity of this model was brought into question follow-
ing subsequent neutron powder diffraction studies [30], although the observed
decrease in ordering temperature with decreasing Mn-O-Mn bond angle was
evident. This relation was later quantitatively established by a neutron scat-
tering study conducted by Hwang [31] on a series of ternary polycrystalline -
manganites, (Lag7_;Pr;)Cag3MnO; and (Lag7-,Y,)Cag3MnO;z Through sys-
tematically varying the A site ionic radius, < r4 >, whilst maintaining the ra-
tio Mn®*/Mn**, the measured Mn-O-Mn bond angle could be decreased (from
180° for the ideal cubic perovskite) and so too, the ordering temperature, Tc,
Despite the unequivocal nature of this trend, a universal < r4 > —T¢
phase diagram ® cannot- be defined for the extensive data set studied here [32].

Due to the proportionality that exists between < 74 > and tolerance factor, tg, these parameters may be
used interchangeably during the following discussion.
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This is illustrated in figure 4.4 (a). where the principal effect of reducing the
lanthanide radius is to reduce T¢, within a series in which the divalent cation is
kept constant. This apparent dependence on the nature of the A-site cation is
also evident in figure 4.4 (b) in which T¢ is shown to increase with decreasing
A-site atomic mass.
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Figure 4.4(a) Ordering temperature, T¢ versus average ionic radius of the A site < 74 >:
(b) Ordering temperature, T, versus mass of the A site cations.

The influence of the divalent cation confuses the otherwise simple picture
taat relates the strength of the ferromagnetic exchange to the perovskites’
bond angle and Mn-O bond length. The efficiency of the ferromagnetic double
exchange mechanism is tuned by the transfer integral, t;; which describes the
hopping of itinerant-c* electrons between adjacent Mn sites:

by = bgcos(%—]) (11)
where 0,; is the angle between the two spin directions and b, is the electron
transfer matrix element which depends on the spatial wavefunctions. A re-
duction of < 74 > results in the bending of the Mn-O-Mn bond angle from
180° to v =(180° — ¢) reducing b,

by = €02 + €,)\2 cos (12)
which relates to the bandwidth
W = 2zb, (13)
where €, €, are one-electron energies and A;, A, are covalent-mixing parameters
and z=6, the coordination number of Mn in the perovskite structure [33].

To summarize, decreasing the Mn-O-Mn bond angle through the substitu-
tion of A site cations, decreases the efficacy of the double exchange mechanism
leg(Mn) — 2p,(O) — e,(Mn)] relative to the antiferromagnetic superexchange
mechanism between the localised to, spins [tag(Mn)-2p;(O) — tag(Mn)] which
results in a decreased T¢. This explanation also applies to the trends shown
in figure 4.4(b) since the masses of the A-site cations are inversely proportional
to their average radii, < 74 > .
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That the data cannot be scaled to a universal < r4 > —T, curve does not
detract from the plausibility of this idea. Rather, it reflects the inadequacy of
< T4 > to accurately represent the distortion of the perovskite structure over
this wide range. In figure 4.5, the variance, o2, ( defined as the average of the
squares of the differences from the mean of the ionic radii ; about the mean
<r4>) is plotted versus <r,>. This is an indication of the ” applicability” of
<r4> for the compounds concerned, and as such is a further measure of lattice
distortion As expected, for a fixed < r4 >, T has been shown to decrease
with increasing o2 [34].

i ~SmBa ;
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Figure 4.5 Variance, o2, plotted versus mean radius of the A-site cations, <74 >

A universal curve remains elusive despite the introduction of this additional
"distortion parameter”. However, the argument remains that the influence
of the divalent cations on T is purely steric. With reference to the ideal
cubic perovskite cell, simple geometry gives the ideal A-site cationic radius
for a doping ratio z = 0.3 as < 74 > = 1.4433A based on an oxygen radius
ro = 1.40 A. The applicable radii [35] indicate that the rare-earth ions are
between 5.8% (La®t) and 14.1% (Sm®") smaller than the ideal; likewise Sr?*
and Ca?t are 0.22% and 7.2% too small respectively. However, the radius
of Ba?t is 11.6% larger than the ideal A-site cation in this case. It is this
disparity that is reflected in the apparent dependence of T on the nature of
the divalent cation and not some additional physical property, for example,
their electronegativity as previously speculated [36].

The widely differing deviations of the divalent cationic radii from the ideal
also explain the successful scaling on to a single < 74 > —T curve of the series,
Lny/3(Cay-¢Srz)1/3MnO;s [37]. For this limited data set, the lattice distortion
induced is incremental and directly comparable. Therefore, < r4 > 1s an
accurate representation of the influence of A-site substitution on the magnetic

properties of the manganites.
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4.2.4.2  Low temperature x'(7) behaviour

The ac-susceptibility behaviour of the twelve samples in the low temperature
regime are quantified through the parameters tabulated in Table 4.2 below.
The values listed include the temperature at which the susceptibility reaches
a maximum, T'(Xp,,) and the measured value of this peak, T

The demagnetising limits listed for each compound, X, were calculated
using the demagnetising factors, D, for cylindrical samples, given by Chen [38],
in accordance with the equation,

Hinternat = Happlied -DM (l4>
Since x = 'HL,,,, it can be shown that when Hﬂ{ — 00, HL — %. Thus,
a in app
1
L= —
Xa =5 (15)

The 7effective demagnetising limits”, X, also listed account for the porosity
of the samples measured. These values were calculated through invoking an
"effective demagnetising factor” for randomly distributed spherical magnetic

particles,
1

Deps =5+ fm(D - %)
where fp, is the volume fraction of the magnetic particles. This value was
taken to equal the density of the compounds expressed as a percentage of the
theoretical ”X-ray” density, as listed in table 2.3.
The values shown in the final column, %, represent the slope of the x/ — T
data measured from the lowest temperatures to x/.,...

l Compound T Hrnpse) l Xmax I Xy l X/e[f [ %Xf
(Lag.7Srp.3)MnO3 306 11.77 | 17.83 | 8.02 0.0017
(Lag.7Cap.3)MnO3 240 10.6 | 25.88 | 8.94 0.0136
(Lag.7Bag.3)MnOg3 220 11 13.86 | 6.89 0.0111
(Pro.7Srp.3)MnO3 240 34 9.41 5.94 0.0050
(Prg.7Cag.3)MnOg 73 4.7 9.41 5.94 0.0140
(Prp.7Bap.3)MnO3 113 2.8 9.41 6.23 0.0153
(Ndg.7S1p.3)MnO3 130 2.8 12.55 | 6.76 | 0.08629
(Ndg.7Cap.3)MnO3 90 0.5 14.13 | 6.94 0.0049
(Ndg.7Bag.3)MnO3 114 1.1 5.97 4.68 0.0087
(Smg.7Srp.3)MnO3 75 0.6 11.15 | 6.29 0.0119
(Smp.7Cag.3)MnO3 84 0.175 | 10.62 | 6.09 0.0015
(Smg.7Bag.3)MnO3 54 0.83 | 10.62 | 5.67 0.0073

Table 4.2 A summary of parameters evaluated for the twelve samples from measurements
of x'ac at low temperatures.

It can be seen from the table above, that with the exception of the La
contalning samples, the maximum susceptibility values of the samples do not
exceed the demagnetising limits imposed by their geometrical dimensions and

porosity. The measured values of ., are limited by these factors for (Lag7Cag3)MnOs3,

(Lap7Sro3)MnO; and (Lag;Bag3)MnO3. Nevertheless, Xuax can be seen in
figure 4.6, to approximately increase with T¢. This trend is an obvious re-
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flection of the stronger ferromagnetism exhibited by those samples with the
highest ordering temperatures.

.
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Figure 4.6 Xiax plotted versus T¢ for the twelve mangnites studied.

As the temperature is decreased below T'(x!..), all the samples, with-
out exception, show a decrease in susceptibility. This feature could be as-
cribed to the development of coercivity in these soft ferromagnetic materials[39];
typical values of the manganites’ coercive fields are 0.05 T and 0.04 T for
(Lag.7Sr03)MnO3 and (Lag7Cags3)MnO; respectively [4.3.3(1)]. However, a
plot of % as a function of T¢ (figure 4.7) suggests that a sharper decline
of susceptibility broadly correlates with lower ordering temperatures, indica-
tive of greater competition between the antiferromagnetic superexchange and
ferromagnetic double-exchange interactions.
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Figure 4.7 %é'f’- evaluated at temperatures below T'(Xi..), Plotted versus Tc.
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4.2.4.3 The Curie-Weiss susceptibility and magnetic clusters.

The values listed in table 4.3 relate to the paramagnetic regime of the sam-
ples. Tabulated values include: the theoretical spin-only Curie-Weiss constant,
and expected slope of 1/X'(T'), 1/Cin(mn3+/mns+), calculated for free Mn®* and
Mn** ions and the experimentally obtained values for the Curie-Weiss con-
stant, Cexp measured just above the Curie temperature, T¢:

As previously stated, the Curie constant for free ions, C, is given by

0= N NONQBng f
3k

where N is the total number of paramagnetic entities per cubic metre; Def f,
the effective Bohr magneton number which is defined for 3d ions as Deff =
gv/S(5 + 1) where g is the Landé factor and S is the spin angular momentum
quantum number For Mn** and Mn‘”, spin only moments are given by g
=2and S =32 or S =2 Values of pZ;; are equal to 24 and 15, giving a
< pgff =21, 3, from which the values of Cip(pmns+ /pme+) and l/Cm(Mn3+/Mn4+)
were calculated.

Similarly, for free Pr**, Nd** and Sm®* ions, < p%;; > equals 12.8, 13.1 and
0.7 respectively. However, since the magnetic ordering temperatures of Pr3+
and Nd** in perovskite compounds are of order 1 K [23], their contribution to
the total Curie constant determined in the temperature range directly above
TC (N 15OK) for the (PI’()]AA’()_:;)MDO;; and (Nd()jA’o.g)I\/IDOg, A= Ca”, SI‘2+,
Ba?*. Likewise, the contribution of the Sm®** ion to C represents at most, 2%
of the total and can be neglected. Due to its empty 4f sub-shell, the La** ion
has no moment to contribute to the Curie constant.

Compound Te (K) | Cup C:xp Cin(Mns+/Mni+) m
(La9.7570.3)MnO3 368 | 2.7724 | 0.3607 0.0495 1.0532
(Lao-Cags)MnO; | 250 | 2.0516 | 0.3388 0.9256 1.0396
(Lap.7Bag.3)MnOs; 350 2.7113 | 0.3688 0.9256 1.0804
(Pro.7Sr0.3)MnO3 288 1.6455 | 0.6077 0.9607 1.0409
(Prp7Cag.3)MnOg3 220 2.0920 | 0.4780 0.9735 1.0272
(ProsBaga)MnO; | 177 | 3.106 | 0.3321 0.9453 1.0578
(Ndo7S703)MnO; | 220 | 2.604 | 0.3840 0.9737 1.0271
(Ndg.7Cag.3)MnO3 114 2.1600 | 0.4630 0.9900 1.0101
(Ndp.7Bag.3)MnOg 143 2.6309 | 0.3801 0.9406 1.0631
(Smg.7Sr0.3)MnO3 88 2.1862 | 0.4574 0.9874 1.013
(Smyg.7Cap.3)MnOs3 85 2.1492 | 0.4653 0.9967 1.0033
(Smo.7Bag.3)MnOg 91 2.1631 | 0.4623 0.9468 1.0560

Table 4.3 A summary of the parameters evaluated from lez.g —T measured for the
paramagnetic region of the manganites.
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Without exception, the Curie constant evaluated for each compound directly
above Tc¢ is larger than that expected from calculating the paramagnetic sus-
ceptibility of the free manganese ions. Such enhanced Curie-Weiss susceptibil-
ities measured in low field are the key signatures of short range ferromagnetic
correlations - possible evidence of magnetic clusters in the manganites’ para-
magnetic regime.

In an attempt to quantify this observation, the effective moment and Curie
constants of some possible clusters of Mn3* and Mn** are tabulated in Table
4.4 for the twelve compounds. The slight differences in the calculated values of
C originate from the distinct values of N - the number of magnetic entities per
cubic metre- measured for each sample.It can be seen that for the La contain-
ing compounds, a four ion cluster (Mn3 "Mn}*) with p?, s = 255 comes closest to.
the measured value, Coqp. A four cluster arrangement, albeit (Mn3™Mn3*) also
fits the values of Ceqp for (Ndo.7Srp.3)MnO3 and (Ndg 7Bag.3)MnO3, whereas the
Ca containing compound is best fitted by a three ion cluster. The C,,, values
for both (Pro7Cag3)MnO3 and (Prg7Sro3)MnO; are comparable to those cal-
culated for three ion clusters, (Mn3™Mn3"). However, the higher value of Canp
for (Pro7Bag3)MnOj; corresponds to a five cluster arrangement, (Maj™Mn3t).
A triple cluster arrangement comes closest to the values of C,,, for the Sm
compounds, although a distribution of cluster size and composition would be
expected in order to satisfy the electron stoichiometry for all twelve samples.

This crude model clearly highlights the effect of cluster formation on the
susceptibility measured in the paramagnetic ground state of these materials.
Since a small region of short-range ferromagnetic correlations in a paramag-
netic background is essentially indistinguishable from a” magnetic” or " magne-
toelastic” polaron [40] picture [section 3.2.2(2)], the two concepts may be anal-
ogous. This idea is supported by the work of De Teresa et al. [41] in which a
measured deviation from the Curie-Weiss susceptibility of (Lag/3Cay/3)MnO;
up to 500 K - attributed to small ferromagnetic clusters - is accompanied by
a lattice distortion detected through volume expansion measurements, charac-
teristic of small polarons, most likely originating from the Jahn-Teller effect.
Their additional small-angle neutron scattering experiments determine the size
of these clusters immediately above T¢ as ~ 12 A. This value is of the or-
der of three unit cells; a congruous result with respect to the data presented
above.

The origins and mechanisms of cluster formation above T are unclear;
possible sources of clustering include! Anderson localisation of the carriers in
the Mn e, band due to the inhomogeneous distribution of the divalent cations or
random potential fluctuations of magnetic origin. However, an overwhelming
body of evidence suggests that carriers are localised through the introduction
of elastic stress into the lattice by the dynamic Jahn-Teller distortion of the
Mn3* ions in an octahedral environment [see 3.2.2(2)].

In conclusion, this data set represents the first systematic observation of an
enhanced effective moment above T¢ in the manganites. As such it further
contributes to the mounting experimental evidence of cluster formation in the

paramagnetic regime of the x=0.3 doped manganese perovskites.
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l Mn [ Mot /Mn** | S | pZ,; | Cun for (Ag7A’.3)MnOj

cluster size LaSr | LaCa | LaBa | PrSr | PrCa | PrBa | NdSr | NdCa | NdBa | SmSr | SmCa | SmBa
1 1/0 % 24 1.07 1.06 1.04 1.08 1.10 | 1.07 | 1.10 12002 1.06 10l 1.12 1.12

1 0/1 21 15 |1 067 | 066 | 065 | 0.68 | 0.69 | 0.67 | 0.69 | 0.70 0.66 | 0.70 | 0.70 0.70

3 2/1 —121 1431 2.13 2L 2.06 | 2.1b 218 1 2130 | 208 |8 2:22 204 2:20 1 2.29 2.2,

3 1/4 8 1120¢ 1.78 | L 1.73 [ 1.80 { 1.83 | 1.78 | 1.83 | 1.87 177 .1 1.85 1.87 1.87

4 3/1 l;—’ 266 | 284 ) 2.80 | 2777 { 2.87T | 291 |1 2.83 | 291 | 2.08 2.81 | 2.91 2.98 2.96

4 2/2 712241 250 | 247 | 244 | 233 | 256 | 256 | 2.66 | 2.61 | 248 | 280 | 2.82 261

b o112 91360 3211|317 |1 313 1325|3291 3291329 3.35 a8 | 381 | 337 3.3

5 2/3 1—27 322 | 2.87 | 283 | 280 | 290 | 294 | 2.94 | 2.94 | 2.99 2.84 | 2.98 | 3.01 2.99

6 3/3 % 483 | 359 | 364 | 350 | 363 | 3.68 | 3.68 | 3.68 | 3.74 | 356 | 3.73 | 3.77 3.74

¢« B - 4/2 11 | 628 | 392 | 3.87 | 3.82 | 3.97 | 402 | 402 | 402 | 400 | 388 1 408 | 411 4.09
Clgp 2.772 | 2.952 | 2.711 | 1.646 | 2.092 | 3.106 | 2.604 | 2.160 | 2.631 | 2.186 | 2.186 | 2.163

Table 4.4 Possible Mn3+ /M** cluster arrangements and their resultant spin-only moments,
S, effective Bohr magneton numbers, pﬁff and Curie constants, C.




A distribution of ordering temperatures - the effect on 1/x/(T) In the previous
discussion, the enhanced Curie-Weiss susceptibility measured for the mangan-
ite samples was attributed to short-range ferromagnetic correlations in the
paramagnetic phase. An alternate interpretation ascribes this observation to
the effect of a wide distribution of ordering temperatures on the inverse sus-
ceptibility. To further investigate this possibility, 1/x/(T) was modelled by
assuming a normal distribution of T¢,where the probability density function
for a mean T and standard deviation, o is given by
B o _(i—Tgﬂ
p(% TC) U) i 0’\/%6 i (16)
The measured data was accurately reproduced, as shown in figure 4.8. How-
ever, achieving this required a mean ordering temperature 7o = 50K and a
standard devation, o = 20K.
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Figure 4.8 The inverse ac-susceptibility modelled from a normal distribution of ordering
temperatures for (Smg 7Srp.3)MnOs3.

The values of T¢ measured for the series (Smj_,Sry)MnOj3 shown in figure
4.9 illustrate that the conditions predicted above are physically implausible.
Thus, the form of the 1/x'(T") data cannot be ascribed to a distribution of T¢

in this compound. 140 1
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Figure 4.9 Values of T¢ determined for the series (Sm;-;Srz;)MnO3, 0.25 <z < 0.5 from
ac-susceptibility measurements and from [42].
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4.3 High-field measurements

4.3.1 Background

Despite reports of high spin-polarisation at the Fermi level, the postulated
fully-spin polarised, half-metallic nature of the manganites has yet to be con-
clusively demonstrated. The measurement of high-field susceptibility, 24 can
provide an indication of the spin polarisation at the Fermi level created by the
application of a magnetic field. The Pauli suscept1b1hy gives the relation
B oM 2#0# D(EF)
R T ey

where D(EF) represents the density of states at the Fermi level, and V' the
sample volume. .

The presence of both 3d spin projections at the Fermi level, characteristic
of weak ferromagnetism, results in typical high-field slopes in the range 0.1 -10
x 1073 pg/T [43], whereas a strong ferromagnet displays no high field slope at
low temperature.

(17)

4.3.2 Experimental arrangements

4.3.2.1 (i) Steady field measurements

The field dependence of the magnetisation at 4.2 K of the twelve manganites
were investigated at the high magnetic field laboratories at two different insti-
tutes. At both NHEFML, Tallahassee and SNCI Grenoble, continuous fields
up to 25 T were produced by Bitter magnets. These constitute an arrange-
ment of perforated copper plates, densely stacked in an helical coil with ~
10® turns per metre, about the sample space. The power dissipated in such
densely packed metallic segments whilst generating such high fields can exceed
15 MW, therefore necessitating continual coohng through the flow of water
under high pressure.

However, the methods adopted for determining the magnetisation of the
samples as a function of these applied fields were different. At the French
institute, an extraction method was employed, where the sample positioned
at the centre of a pick-up coil in the applied field is rapidly removed beyond
the coil. Through integrating the emf consequently induced, the change of
flux threading the coils was obtained, which was directly proportional to the
magnetic moment of the sample. Oppositely wound, concentric pick-up coil
segments cancelled changes in the applied fleld.

The ac equivalent of this extraction method is in place at the US laboratory,
in the form of a vibrating-sample magnetometer. The sample was mounted
on a vertical rod and vibrated vertically in the vicinity of similarly arranged
pick-up coils at a vibration frequency in the range 10 - 100 Hz and a typical
vibration amplitude of 10™* m
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4.3..2  (ii) Pulsed field measurements

Mezurements in pulsed fields up to 25 T were carried out at Trinity College
and SNCMP, Toulouse. The experimental set-up at both facilities is similar
[44]; the field is generated at the centre of a coil through which the charge
stord in a bank of capacitors is discharged. At TCD, sixteen capacitors of
750" are arranged in parallel and the coil is immersed in liquid nitrogen to
dissbate the heat generated by the Joule heating effect. The magnetic field
geneated within the coil is directly proportional to the current passing through
1t, aid is thus measured through monitoring the current passing through a
shun resistance connected in parallel with the coil. The pulse produced at
TCL is of 0.75s duration, with a rise time 0.05 s. Similarly, at Toulouse the
rise 1me of the pulse is 0.1s and the fall time 1.6s.

4.3.f Results

4.3.31 (i) Steady-field measurements

Figue 4.10 presents the variation of the twelve samples’ magnetisation in a
steads applied field at 4.2 K. The saturation magnetization and high field slope
evalwted from this data for each compound, are tabulated in the following

table4.5.
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Figire 4.10(a) Magnetisation at 4.2 K for (Lag.7A0.3)MnO3 (A = Sr?**, Ca?*, Ba?*)
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F.gure 4.10(b) Magnetisation at 4.2 K for (Prg.7A0.3)MnO3 (A = Sr**, Ca’*, Ba?*)
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Figure 4.10(d) Magnetisation at 4.2 K for (Smg.7A(3)MnO3 (A = Sr?+, Ca?+, Ba’t)

6

5
4 SBMO
§=3 ;ﬂys:_cj_..
\;_52 " somo

1

R Rt 5 o 28

8- i
w,H (D)

Figure 4.10(d) Magnetisation at 4.2 K for (Smg.7A03)MnO3 (A = Sr?*, Ca?*, Ba’*)

Compound Saturation moment | High-field slope
(1g/formula unit) (ug/T)
(Lag.7Sr0.3)MnO3 3.43 6 x 107°
(Lao,—;Cao_g)MnOg 3.41 4x107%
(Lao<7Ba0,3)MnOg 3.61 2.5x 10~°
(Pro_7Sro,3)Mn03 3.34 1.44 x 10~°
(Pro.7Cag.3)MnO3 4.68 1.79 x 10™*
(ProjBao,a)l\/InOg 3.70 218'x 10~4
(_Ndquro_g)MnOg 4.43 4.9 x 107°
(Ndp.7Cag.3)MnO3 3.07 3.09 x 107*
(Ndp.7Bag.3)MnO3 4.52 1.17 x 10~%
('Smquro‘g)MnOg 3.58 2.7x 10—°
(Smg.7Cag.3)MnO3 1.60 4.5x 10~?
(Sm0,7Bao_3)NIIl03 3.60 2.0x 1074

Table 4.5 Summary of the saturation moment, extrapolated to zero field and high field
slope of the polycrystalline (Rg.7A¢3)MnO3; R = La®*, Pr®*, Nd3+, Sm3+, A = Sr?+,
' Ca?+, Ba’t),
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4.3.3.2  (ii) Pulsed field measurements

The variation of magnetisation of (Prp;Cags3)MnO; and (Ndg.7Cag3)MnO3
with applied pulsed field at 4.2 K and 77 K is presented in figures 4.11 and
4.12 respectively. '
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Figure 4.11(a) The magnetisation of (Prg.7Cag.3)MnO3 and (b) (Ndo.7Cag.3)MnO3
measured at 4.2 K in pulsed field.
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Figure 4.12(a) The magnetisation of (Pro.7Cag.3)MnO; and (b) (Ndg.7Cag.3)MnO3
measured at 77 K in pulsed field. '




4.3.4 Discussion

4.3.4.1 (i) Steady field measurements

(a) (Lag.7A03)MnOgz; A = Sr?*, Ca’", Ba®* As summarised in table 4.5, the
high-field slopes of the lanthanum containing compounds are less than those
of the other manganites studied and their values of saturation magnetisation
extrapolated to zero fleld approach the theoretical spin-only moment of 3.7
pg/ formula unit expected for the full alignment of their constituent man-
ganese ions. (Lag7Sro3)MnOs shows essentially no high-field slope, indicative
of a collinear ferromagnetic state as previously indicated by its high Curie
temperature (~ 370 K) and the essentially constant value of its susceptibility
measured in low fields below T¢ [table 4.2]. Although the high-field slope for
(Lag.7Cap3)MnO; is also small, 4 x 107* pug /T, the slight hysteresis observed
between the virgin curve and saturation suggests that the ground state of this
compound may not be a fully-aligned ferromagnet. (Lag7Bag3)MnOs3, by con-
trast, remains unsaturated in a field of 23 T, showing a slope of 2.5 x 10723
pg/T, characteristic of either a non-collinear state or weak ferromagnetism.

The negligible value of %ﬂ,‘{—’f- =6 x 107°ug/T measured, confirms the strong
ferromagnetic nature of (Lag 7Sro3)MnO3, in agreement with recent reports its
high spin-polarisation [4.1]. The discrepant value of the saturation magnetisa-
tion in this sample is most likely attributable to oxygen non-stoichiometry, re-
sulting in cation vacancies [2.1.4]. Assuming an even distribution of vacancies,
the measured value of M, = 3.43 g/ f.u.suggests a formula, [(Lag.7Sro.3)Mn]o 05 O3.

The canted spin structure of (Lag7Cag3)MnO; suggested by the hysteresis
and reduced saturation magnetisation measured, was first indicated by neu-
tron diffraction measurements [1]. The ordering temperature, T¢ = 250K is
notably low by comparison with the other La containing compounds [table
4.1] lending further support to the conjecture that the ground state comprises
of competing antiferromagnetic and ferromagnetic interactions. Conversely,
NMR studies have ascribed the characteristics of this compound to microscale
phase segregation [45] .

By comparison, (Lag7Bags)MnO; exhibits a higher saturation magnetisa-
tion, but also a much greater high field susceptibility than the aforementioned
samples. The value of %% =2.5 x 107® ppg/T is within the range quoted for
typical weak ferromagnets [43]. This latter observation may indicate the pres-
ence of both 3d spin projections at the Fermi level; a characteristic of weak
ferromagnetism for which high-field slopes are typically 0.1 -10 x 107 ug/T
(43]. This compound is further distinguished by the large size mismatch of its
A-site cations, quantified by means of the variance of the radius distribution,
as discussed in 2.3.2. The local disorder effects introduced, probably explain
why (Lag7Bag3)MnO; has a lower T¢ than (Lag7Sre.3)MnO3 despite having
a higher tolerance factor. Moreover, it’s possible that the localisation of Mn
electrons at sites with the most distorted Mn-O-Mn bond angles will result in
a high local density of states, consequently influencing the high field slope.
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(b) (Pro7A03)MnOs; A = Sr’*, Ca’, Ba?>* Figure 4.10 (b) shows the field
dependence of the magnetlsatlon at 4. 2K of the praesodymium compounds. In
contrast to the La®* containing manganites, none of the samples are saturated
at 23 T and all of them show pronounced high-field slopes of order 0.02 pg/T.

The measured values of saturation magnetisation for (Prg7Srg3)MnO; and
(Pro7Bag3)MnO3 are 3.34 and 3.70 pg/f.u. respectively. Thus, Pr3+ appears
to make no contribution to the total moment in either of these samples; the
degeneracy of the ground state Pr** J multiplet ®H, is understood to be lifted
by the crystal field, leaving the rare-earth in a singlet ground state, as pre-
viously established by inelastic neutron scattering in PrGaO; [figure 4.2(a)].
The high-field slope is presumably due to the mixing of higher crystal field
states of Pr®**with M; > 0. The incongruous value of saturation magnetisa-
tion for the Sr compound is most likely indicative of cation deficiency, resulting
from a formula, [(Prg7Sr.3)Mn]g.94603.

(Pry7Cag3)MnOs3, by contrast, exhibits markedly different behaviour to the
other two compounds. The ground state does not appear to be ferromagnetic
and there are two first-order magnetisation processes, with transitions ocurring
at 5T and 6T. The first transition, at 5T, is the widely reported transformation
(12] [46] [47] from the insulating, canted antiferromagnetic ground state with
a moment of 1.4 pg/f.u., to the metallic, ferromagnetic, charge-disordered
state in which the moment, 3.6 5/ f.u. corresponds to an almost fully-aligned
manganese sublattice. The second transition at 6 T, where the magnetisation
increases by a further ~ 0.8up/f.u. is attributed to a level crossing transition
of the lowest lying Pr®t crystal field levels, I'® and I'™. The I'® singlet
state with J = 0 is the ground state whereas the I'® excited state is the
field-stabilised state where Pr has a moment of 0.8u5. This interpretation is
supported by the crystal field calculation carried out in section 4.3.

(c) (Ndo 7A03)MnO3; A = Sr?*, Ca?*, Ba?* The field dependence of the mag-
netisation at 4.2 K of the neodymium compounds is given in figure 4.10 (c).
Except for the Ca compound, which is assumed to be charge-ordered, they
have a magnetisation which is ~ lug than their La counterparts and high-
field slopes, 5 x 1073 pg/T (Sr) and 12 x 1072 pg/T (Ba).

Although the free-ion moment of Nd** is 3.3 pg, in (Ndp 7Sre3)MnO; and
(Ndyg.7Bay, 3)Mn03 this value is reduced by the crystal field, which splits the
ground state *Iy/» multiplet into five Kramers doublets [22]. Therefore, the
additional ~ 1 up is contributed to the total moment by the Nd** aligned
parallel to the ordered Mn. This is further explored through crystal field
calculations in the following section. By analogy with the Pr compounds, the
high-field slopes of these compounds can be attributed to the mixing of higher
crystal-field states.

As in the case of (Prg7;Cag3)MnO;, the correspondmg Nd compound, is
also believed to be charge-ordered [48] which accounts for its much-reduced
moment, 3.07 pg/f.u. The high-field characteristics of this compound are
further discussed with reference to the data measured in pulsed field (figures
4.13 and 4.14) in the following 4.3.4(ii).
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(d) (SmorA03)MnO3; A = Sr®*, Ca®", Ba?* The high-field characteristics of
the Sm containing manganites are presented in figure 4.10(d). The moments
measured for both the Sr and Ba compounds - 3.6 pg/ f.u.- roughly correspond
to the theoretical value expected. However, the Ba compound shows a pro-
nounced high-field slope 0.02 pp/T', which is an order of magnitude greater
than that of (Smq7Sre.3)MnOs (2.7x 107245 /T). On the other hand, the mag-
netisation of the Ca sample is much-reduced, 1.6 pg/f.u., suggesting that this
compound, like the aforementioned (Pro;Cag3)MnO; and (Ndg;Cags;)MnOj;
has a charge-ordered ground state. The Sm®" moment in all samples is ex-
pected to be <0.5 pg/f.u.

Although (Smg7Srp3)MnO; approaches the behaviour of a collinear ferro-
magnet, the distinct hysteresis between the virgin magnetisation curve and the
saturation magnetisation measured upon decreasing field, suggests imperfect
ferromagnetic order. This is further evidenced by the low susceptibility value
measured for this compound, x... = 0.6 relative to the other Sr containing
compounds (La, X, .. = 11.8;Pr, XL = 3.4; Nd, x/.. = 2.8) [table 4.2].

The field dependence of both the Ba and Ca compounds indicate a non-
collinear ferromagnetic ground state. Although both show a progressive align-
ment of spins with increasing field, neither sample is saturated and both have
comparable high-field slopes. However, whereas (Smp7Bag3)MnO3 approxi-
mates the behaviour of its La counterpart, the Ca containing sample is most
certainly charge-ordered. This is supported by the exceptionally low value
of susceptibility measured, x. .. = 0.17 and the characteristic sharp peak
measured in its susceptibility.

4.3.4.2  (ii) Pulsed field measurements

The variation of magnetisation measured in pulsed fields for (Pro7Cag.3)MnO;
and (Ndp7Cag3)MnO3 shown in figure 4.11 is markedly different to the steady
field magnetisation curves shown in figure 4.10 (b) and (c) for the same sam-
ples at 4.2 K. For the pulsed field data, only one transition is observed for the
Pr compound at 6T, from the charge-ordered insulator to the high Pr moment
ferromagnetic state. The Nd compound displays a broad hysteresis loop ex-
tending to 25T and the sample remains in the ferromagnetic state throughout
the demagnetizing process. This data enables the relaxation time 7 for the re-
verse transition from the metastable ferromagnetic state to the stable canted
state at 4.2K to be deduced as lying between 1.6s (the rise time of the pulsed
magnet) and 300s (the time for the scan from maximum to zero field in the
VSM). An intermediate value 7 = 30s is assumed in subsequent calculations.

The pulsed field data measured for (Ndg7Cag3)MnO3 at 77 K show much
less hysteresis [figure 4.14(a), (b)]. They resemble the steady field data at
4.2 K, with hysteresis only present at the top of the curve when puoH > 107.
The data indicate that the reverse transition in (Ndg7Cag3)MnOj3 is strongly
time and temperature dependent since the rise time for this pulsed field mea-
surement was only 0.05s Unlike normal magnetic hysteresis, which has a mi-
cromagnetic origin associated with the nucleation and propagation of reverse
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domains, the hysteresis here is probably associated with melting/ freezing of
the charge-ordered state. By considering the Nd compound, and assuming a
thermally activated process with an energy barrier E, so that the relaxation
time T for the reverse transition is given by :
By

T = To€*T (18)
Taking 79 = 107!2s, which is a typical attempt frequency for relaxation pro-
cesses in solids, and using the value of 7 measured at 4.2 K, E, = 130 K.

In the Pr compound, 7 is clearly much longer. A recent study [49] of the
dynamics of the "charge-melting” transition at temperatures 40-50K shows an
abrupt percolative transition in conductivity as a function of time in a regime
where magnetization is relaxing smoothly. Interpreted in terms of a two state
model, this data estimates an activation energy of 1380K.

Further analysis of the data invokes local regions of charge-order within a
ferromagnetic matrix, analogous to the picture of nucleation and growth from
an activation volume often drawn to explain magnetic hysteresis. The effect
of the field is i) to change the relative energies of the charge-ordered and ferro-
magnetic states, and ii) to reduce the height of the activation barrier between
them. The stabilization energy per manganese ion of the ferromagnetic phase
is Ap. B where Ay is the difference in moment between the two magnetic struc-
tures as deduced from the magnetization curve. This has a maximum value
2.4p5.10.5T or 17 K/Mn for the Nd compound. A rough estimate of the
number of Mn ions involved in the charge-ordered cluster is thus Ny, =130/17
~ 8. The same estimate for the Pr compound, where (Au.B)max = 4.0K,
gives N, =~ 350.

To summarise, the dynamic high-field hysteresis in (Ndg7Cag3)MnO3 ob-
served on a timescale of 0.1s at 4.2 K is related to magnetically induced melting
of short-range charge order. The regions involved are clusters of CE type or-
der comprising about 8 Mn ions, whereas a similar consideration of nucleation
volume for (Prg7Cag3)MnOjz gives an estimated cluster size of roughly 350.

4.4 Rare-earth rhagnetism -7 A-site” magnetic interac-

tions

Echoing the prevalent situation in the published literature, this discussion
of the manganites’ magnetic properties has hitherto focussed solely on the
role of the manganese sublattice. = However, as evidenced by the high-field
magnetisation data presented [figure 4.10 (b),(c)], a complete description of
the manganites'magnetization curves requires a consideration of the roles of
the constituent rare-earth ions.

This omission is partly addressed by the following theoretical calculation
of the crystal field interaction at the rare-earth site in (Prg;Cag3)MnO3s and
(Ndg7A’3)MnO;, A = Sr, Ba. As previously noted [figure 4.2], the crys-
tal field in these compounds results in a singlet ground state for the Pr** ion.
Similarly, only the lowest doublet in Nd** is occupied at low temperature.
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These conditions permit the significant simplification of the rare-earth Hamil-
tonian, which forms the basis of the subsequent calculations. However, the
low-lying excited multiplets of Sm** invalidate this simplification. Therefore,
the theoretical consideration of the Sm containing compounds is beyond the
realms of the straightforward analysis presented.

4.4.1 Calculating the crystal field interaction

The principal motivation is provided by the steady field magnetisation be-
haviour of (Pro7Cag3)MnO;. As previously discussed, [4.3.4(i)(c)], the two
distinct transitions shown by this compound in applied fields of 5T and 6T
are most likely ascribed to a transformation from a charge-ordered to ferro-
magnetic state, and a subsequent level crossing of the lowest field-stabilised
Pr3* crystal field levels. The verification of this assumption and the further
extension of the derived result to account for the additional ~ 1 uB/f.u. con-
tributed to the total moment of (Ndp7A’03)MnQO3, A = Sr?*, Ba?* form the
basis for the following analysis.

4.4.1.1 Background

The Hamiltonian for a single rare-earth ion includes the intra-atomic Coulomb
and spin-orbit interactions, crystal-field and exchange interactions and a Zee-
man magnetostatic energy term in an external field:

Hre = He + Hso + Hcef+Hez+Hz (19)
where Hc includes the intra-atomic Coulomb interactions that result in states
with well defined angular momentum quantum numbers, L and S. Since
the intra-atomic Coulomb and spin-orbit interaction are considerably stronger
than the remaining terms, it is usually sufficient to confine further calculations
to the ground-state multiplet only®. Hence, Hgo couples L and S to form J,
the total angular momentum of the ground state, according to Hund’s third
rule. The exchange interaction, H,, = gugS.B%¥ where B¥ is the exchange
field arising from the Mn sublattice, is normally larger in magnitude than the
crystal field interaction term M, s in rare-earth - transition metal compounds.
Therefore, in the following discussion, the M, states are taken as the basis
set for considering the electrostatic crystal-field interaction, which is treated
as a perturbation on the set of equally spaced Zeeman levels of the ground
state R** multiplet. The Zeeman term Hz = —ug(L + 2S).B, represents
the coupling of the rare-earth moment to an external field applied along the
z-direction.

Consequently, the Hamiltonian for a rare-earth ion having a localized mo-
ment and a well defined total angular momentum quantum number, J, can be

written explicitly:

In the case of the heavier rare earth ions, such as Sm3* and Eu®t, the low-lying excited multiplets require
consideration as there is significant J-mixing
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Hre = —AL.S + Heer + gsppS.BY — pp(L + 2S).B, (20)
where A denotes the spin-orbit coupling parameter and g, the g-value of an
lon’s spin, :

The calculations are simplified through restricting considerations to the
ground state multiplet only, enabling the rare-earth Hamiltonian to be written
as the sum of the exchange and crystal-field interactions [51].

HRE = 7-{cef =+ gJ,LLBJz'(BT}%LOI + Bz) (21)
where the molecular field, B, represents the intersublattice coupling between
the rare-earth and 3d magnetic moments.  The crystal-field Hamiltonian,
Hces,is conventionally stated in terms of Stevens operators,

Hees = By 2O (22)
This expression is derived in the following subsection.

4.4.1.2 (i) Introduction to crystal field theory

The crystal field is an electrostatic field created by the charged ions within a
crystal lattice. Crystal field effects arise when the spatial degeneracy of the
angular momentum, J, of an ion with electron orbitals containing unpaired
electrons is removed by an asymmetric potential resulting from the crystal field.
Through assuming a simple point-charge ionic model of the crystal lattice, the
crystal field effects are taken as a perturbation of the appropriate free-ion wave
functions and energy levels of the 'magnetic ion’. The quantitative problem
becomes that of evaluating the electrostatic potential V,(r;) at the location
r; of the magnetic ion in question. The perturbing crystal field Hamiltonian,
H.ey and its matrix elements are subsequently determined.

If the magnetic ion has charge e at a position r;, then the perturbing crys-
talline potential due to a purely external surrounding charge density p(R) is
of the form

le]
Velr:) 47r€0/]r1 R[dR )

As a solution of Laplace’s equation, this expression may be expanded in ei-
ther spherical harmonics, or more conveniently, in terms of tesseral harmonics,
Z7(0, ) where a = ¢, s (corresponding to real and imaginary parameters re-
spectively) with the electron position r; given in spherical polar coordinates
(7,6, ¢). These tesseral harmonics are real and the potential is written in terms
of the position of the i** electron (4, ¢1)

Z Z > AmerrZre(6i, ¢i) (24)

n=0m>0 «
The lattice coefﬁc1ents yme are electric field components which reflect the
point symmetry of the environment of the electron, They are written as

93




maoa __ 1 mao
Tn = gm0 [2n+1] /R”“Z B, Rlak (28]

where R = (R, ©, ®).

In the case of a rare-earth 4f ion, the rZ7(61, ¢) represent the various
multipoles of the 4 f electron distribution. Since f-electron configurations with
angular momentum lgy = 3 cannot have multipole distributions with n > 6, as
higher order multipoles cannot excite transitions between ly; = 3 states, only
terms up to the sixth degree need to be considered. The resulting, limited
crystal field Hamiltonian is thus written

cef = l IZZZ7 ZT‘:‘Z,TQ(Q’L,(#L) (26)

n=0m>0 «

where the additional summation, ¢, is over the total number of 4f electrons.
Thus, the modifications to the energy-levels of the 4 f electrons through inter-
action with the crystal field may be deduced through calculating the matrix
elements of H..; between the free-ion states of the given manifold of angu-
lar momentum J, using first order perturbation theory [52]. The matrix thus
formed can then be diagonalized to find the energy levels and eigenfunctions
of the ion in the crystalline field.

Alternatively, a simpler calculation can be carried out through invoking
an operator equivalent method, as developed by Stevens [53]. In this semi-
nal work, the Wigner-Eckart theorem [54] was first applied to the matrix ele-
ments of H,.s, yielding angular momentum operators which act on the angu-
lar part of the wave functions |J, J,). By expressing the tesseral harmonics,
S, TRZM (84, ¢i) in Cartesion coordinates, Y, K7 f2™(x;,y:, 2:)" and replac-
ing the z,7, z combinations with appropriate combinations of J;,J, and J,,
”Stevens” operators, O, were formed which transformed under rotation in the
same manner as the potentlal. Therefore, the general equivalence relation

which simplifies H,.s 1s written

Zf:;m(zi,yi, z;) = 0, (r")Or (27)
where the multiplicative factor 6, is a reduced matrix element known as the
Stevens coefficient for the given rare-earth ion. Its value dependson [ (the
orbital quantum number of the electrons in the unfilled shell), and J, and is
represented by oy, 3,7, for n = 2,4,6 respectively. (r") is the radius of
the 4f electron shell averaged over the wavefunction, which is listed for the
R3* rare-earth ions [55]. The Om were originally tabulated by Stevens[53] and
Hutchings [56] and the detailed work of Rudowicz [57] discusses the various
notations which have subsequently been developed. Some simple examples,

as listed in Hutchings [56], are

Some of the more commonly occurring tesseral harmonics expressed in cartesian coordinates are listed by
Hutchings [56]
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> B —rh) =) 32— J(J + 1)] = a,(r?)03 (28)

7

Y (2 —vl) = as(r)BJ2 - JF = s (r)0F (29)

Z ziys = oy (r)(JJy + T, 12) /2] (30)

where Jy = J, £1Jy,
Thus, expressing H..s in operator equivalent form,

6 n
Hugp== )0 305 " Budl=(royOn (31)
n=0m>0 «

wlere the crystal field intensity coefficients, AT'* = — |e| K™*y™=  Alterna-
tively, and more commonly,

6 n
Moy =3 D 2 BY°O7 (32)
n=0m>0 «
where the coefficients B** = 8, A7**(r™) are called the crystal field parameters
which determine the scale of the crystal field splittings. Since they are very
dificult to calculate quantitatively, it is customary to regard these coeflicients
as parameters to be determined empirically.

This simple point-charge formalism used to calculate the Hamiltonian has
several weaknesses. It neglects the finite extent of charges of the ions, the
overlap of the magnetic ions’ wave functions with those of neighbouring ions,
and the complex effects of screening of the magnetic electrons by the outer
shells of the magnetic ion. However, it serves as a first approximation to
illustrate the principles involved, and through the incorporation of the Stevens
operator equivalent method is the most convenient way of calculating the effect
of the crystal field on the energy levels of the R** ion.
4.4.1.3  (ii) Determination of the Hamiltonian, Hgg,for the rare-earth site
and deduction of the crystal field parameters.

The Hamiltonian for a rare-earth ion having a localized moment and a well de-
fined total angular momentum quantum number, J was previously introduced

(eq. 1.21 above) as

HRE = Hcef T gJ'/J‘BJz-(BT}'{wl + Bz) (33)
where B, represents an external field applied along the z-direction, and gy,
the total angular momentum g-factor, equals % and 18—1 for Pr®* and Nd** re-
spectively. In applied fields, B, > 17 the exchange field is negligible and can
be effectively omitted from the calculations. To apply this expression to the
manganites studied, requires the assumption that these materials are magneti-
cally oriented parallel to the direction of the applied field, i.e. along the z-axis.
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Althoigh a gross simplification of the situation for a polycrystalline material
with rindomly oriented particles, this assumption serves as a first approxima-
tion. Chis topic is re-addressed in section 4.4.1.3(iii). The general expression
for theperturbing crystal field Hamiltonian, H..; in terms of Stevens operator
equivaents was derived earlier (eq. 1.22 above ) and shown to be

6 n
Moo =) 2 B0
n=0m>0 «

Thenumber of terms in the expansion is determined by the point symmetry
of the mre-earth site. Both (Pro.7Cag.3)MnO3 and (Ndg 7 Cag 3)MnO; crystallize
as ortlorhombic variants of the cubic perovskite cell, with space group Pbnm.
The P** and Nd®* ions occupy the 4c sites, the point symmetry of which is
characierised by a single mirror plane, m. This low symmetry at the rare-
earth ste gives rise to a large number of independent crystal field parameters,
B™2 _the crystal field potential of m symmetry at the Pr®* site in PrGaOs
is seemingly characterised by fifteen independent crystal field parameters [21]!
The intial determination of so many parameters without recourse to exper-
iment was an unrealistic task, therefore, by way of a simple approximation,
only ths leading second, fourth and sixth degree terms were considered, hence
neglectngyﬂ -mixing by off-diagonal terms.

Consequently,

Hre = BIOS + B2OS + B3O? — gupd. Bo
where
0y =[3J2 = J(J +1)]
00 =35J% — [30J(J + 1) — 25)J2 — 6J(J + 1) + 3J2(J + 1)
00 = 231J8 — 105[3J(J + 1) — 7]J2 + [105J%(J + 1)® — 525J(J + 1) + 294]J7
—5J3(J +1)® +40J%(J + 1) - 60J(J + 1)

(a) (Pr.7Cap3)MnOs For Pr**, M; = 4, thus the non-vanishing matrix ele-
ments of the diagonal matrix, J, could be written down;

4 @900 0 0. 0 0 0
03 00@ 0 0 0 O
0@ 200 6 0 0 O
0o oe1a@e o0 0 0 06
J,={0 0.0 0 @ 0. 0 0 0
0O 000O0-1 0 0 O
0o 0ooo0oo0 0 -2 0 O
0000O0O0O O =3 0
L00000 0O 0 O =4 |

Taking J = 4, the operators o Og and Og were subsequently constructed.
The splitting of the ground-state multiplet of Pr** due to the combined per-
turbing effect of the individual operators and an effective applied field, h, was
evaluated. Three Hamiltonians were constructed: :
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D:agenalizatien of these simplified Hamiltonians yielded the energy eigen-
values ‘and corresponding eigenfunctions) which are plotted as a function of
h, for each operator in figures 4.15 (1)-(iii).
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Figure 4.15 Energy-level schemes for the ground-state multiplet of the Pr®+ ion due to the

combined effect of an applied field and Stevens operators, (i) O9,(ii) O and (iii) oo
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Despite the arbitary values of these calculated eigenenergies, the compar-
ative ratios obtained from the three operators provided an indication of the
order of magnitude of the crystal field parameters, B}, BY and BY. These ini-
tial values were refined through extensive trial and error, resulting in values,
By = 10°and BY = 2.3x10° (the negligible effect of the O? operator warranted
its omission). The diagonalization of the resultant Hamiltonian,

25
Hop = ) 10°0) + 2.3210°08 — —.—puzh, J
RE }; 2 L (37)
yielded the energy eigenvalues plotted versus h, in figure 4.13 below. The
expectation value of the rare-earth magnetic moment, g associated with each
corresponding eigenstate, I'; was calculated according to the expression
pr=gpg (T:] . |T2) (38)
and appears as the inset in figure 4.16.
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Figure 4.16 The calculated energy eigenvalues of (Prg.7Cag 3)MnOj3 plotted versus applied

field. The inset shows the variation of the corresponding Pr3+ moment as a function of
applied field.

In conclusion, the ninefold degeneracy of theé Pr®* ground state, *Hy is
entirely lifted by the combined crystal and applied fields resulting in the
level crossing of the |+1) and |—0) states in an applied fleld of 6T, with
no further level crossing up to 25 T. This corresponds to a contribution
of 0.8 pg/formula unit from the rare-earth to the total magnetization of
(Pro.7Cag3)MnOs3, in accordance with measured data [figure 4.12(b)]
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(b) (NdorA,3)MnO3; A = Sr?*, Ba®*. As in the case of Pr**, the matrix
elements of J, could be written down, where M for Nd3t is 2
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In order ‘o evaluate the splitting of the ten-fold degenerate Nd** ground-
state J multiplet, 413 due to the crystal-field at the rare-earth site and an

external apylied field, the crystal-field parameters, BY and B? needed to be
determined «nd the eigenenergies of the following Hamiltonian calculated:

225 . 0 8107
h,=0

As noted oreviously [4.2.2 (i)], the crystal-field parameters included in this
Hamiltonian can be written as

B = 6, A%(r?) and By = 05 A3(r®) (40)

Since AY and A are empirical coefficients, characteristic of the crystallo-
graphic structure under consideration, and (r?), (r®) are the average values of
the 4f shell radius of the relevant rare-earth ion, simple substitution yields the
values of BY and B for Nd** from those previously determined for Pr®*.

B3 A3 b2 (r%)
pret || 10° -4.385x10° | -2.1x107% | 1.086
Na®+ || 2.82x10% | -4.385x10° | -6.4x10~° | 1.001

B Ag fs (r°)
Prot || 2.3x10° 2.398x10° | 6.1x107° | 15.726
Nd®* || -1.13x10° | 2.398x10° | -3.8x10™° | 12.396

Substitution of these crystal-field parameters into HYg& above and subse-
quent diagonalization of the resulting Hamiltonian produced the eigenenergies
which are plotted against h, in figure 4.14. The inset shows the contribution
of the Nd®* moment to the total magnetization of the compound. This was
calculated, as in the previous case, through evaluating the expectation value
of the rare-earth magnetic moment, py associated with each corresponding
eigenstate, [', ,according to the expression

Hr = GHp (rz' J. lr2> (4]')
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Figure 4.17 The calculated energy eigenvalues of (Ndo_7Cao.3)Mn03 plotted versus applied

field. The inset shows the variation of the corresponding Nd®+ moment as a function of
applied field.

With the notable exception of the Ca containing compound, the total mag-
netization of the Nd3* containing manganites were experimentally shown to
exceed the theoretical spin-only moment expected for a fully aligned Mn?+/4+
sub-lattice [table 4.5] . However, no abrupt transitions characteristic of an
energy-level crossing were measured experimentally. Both these obsevations
are consistent with the results of the crystal-field calculations presented.

4.4.1.4 (iii) Consideration of randomly oriented particles.

As previously noted, the calculation above is based on the assumption that
these compounds are magnetically oriented along the crystallographic z-axis,
parallel to the direction of the applied field, B,. As a direct consequence
of this bold simplification, the rare-earth moment, as calculated for the Pr
compound, increases in a step-like manner at 6T. However, closer inspection
of the measured data of figure 4.10(b), indicates that the transition to the 4.4
pp high moment state is a gradual process, occuring between 6 T and 10 T
[figure 4.18 (a)]. Adjacent to this figure is the result of a calculation which
considers the effect of a field applied in the z direction on a system of particles
whose individual magnetic orientation is described by a Gaussian distribution
centred along the z-direction with a standard distribution, c=1.4.. Hence, the
magnetisation of the majority of particles is aligned parallel to B,, (i.e. at ¢
= (°), whilst the number of particles oriented at an angle § to B, decreases
as the angle deviates from 0° to 90°. Based on the preceeding calculations,
it is presumed that an energy-level crossing occurs when a minimum field of
6T is applied parallel to the particle’s magnetisation direction. Although this
model successfully reproduces the experimental data, there appears no obvious
physical explanation as to why the magnetic orientation of the particles within
the polycrystalline sample should obey this distribution.
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Figure 4.18 The gradual increase of the (Prg 7Cap3)MnO3 moment with increasing field,
(a) obtained experimentally and (b) modelled using a Gaussian distribution of particles’
magnetic orientation.

4.4.2 X-ray magnetic circular dichroism (XMCD)

In high fields, the Nd®** moments in (Ndg7A’3)MnO3, A=Sr?*, Ba?", are
aligned parallel to those of Mn, resulting in the enhanced magnetic moments
measured [figure 4.12 (c)]. Further support for this observation is lent by re-
cent X-ray magnetic circular dichroism (XMCD) experiments carried out by
Toulemonde et al. [58]. This powerful, spectroscopic technique is capable of
providing quantitative, element-specific information about the spin character
of electronic states, and consequently, the local spin and orbital moments of
the constituent magnetic ions.  Through comparing the dichroism spectra
from both Mn and Nd ions, the French group have established the relative ori-
entation of these ions’ moments in (Ndg 79Bag 23)MnOj; at 20 K the rare-earth
and Mn sublattices are antiferromagnetically orderered. However, an applied
field of 1.5 T switches the relative orientation of the Nd moment, and ferro-
magnetic alignment prevails in higher fields. The antiferromagnetic sublattice
ordering at low temperature has also been confirmed for (Ndg 7Bag.3)MnO3 by
recent neutron diffraction measurements in zero field [59]. Moreover, similar
measurements of the Ca and Sr substituted compounds have failed to iden-
tify a comparable transition, and the sublattices of these compounds remain
ferromagnetically ordered, even in zero applied field [60] [61].

In response to these findings, further XMCD experiments were carried out
on the Nd containing compounds in order to investigate the possible coupling
mechanisms for the Nd and Mn sublattices.
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4.4.2.1  Background

XMCD absorption spectroscopy, proposed by Erskine and Stern [62] and pio-
neered by Schiitz et al. [63] elicits the quantitative determination of element-
specific spin and orbital magnetic moments in ferromagnetic and ferrimagnetic
materials. For a magnetised material, dipole selection rules together with the
Pauli exclusion principle give different absorption probabilities for left and right
circularly polarised X-rays. The XMCD signal is defined as the absorption
difference,

Ixmop = p* —p~ (42)
where u* and p~ are the absorption cross-sections of a sample with a fixed
magnetisation direction, for X-rays with left and right helicities respectively &.
The resulting experimentally obtained spectra correlate to the electronic and
magnetic ground state properties through powerful "sum rules” [65] [66] [67].

Historically, the predominant application of XMCD has been to the study
of 3d transition metal elements [68], where the properties of the 3d-electrons
are probed by L-edge excitation of 2p core electrons to unfilled 3d states.
The relevant physics is best described in a two-stage, one-electron model, as
illustrated in figure 4.19. Firstly, circularly polarised X-rays, in which the
photon helicity is defined relative to the X-ray propagation direction as right
or left, impinge on the sample, exciting a photoelectron from the spin-orbit
split 2p core shell to empty 3d conduction band states above the Fermi level.
Transference of the right and left polarised photons’ angular momenta, h and
-h respectively to the electron spin courtesy of the spin-orbit coupling, creates
excited photoelectrons with opposite spins. Furthermore, since the p 1 (Ls)
and ps (L3) have opposite spin-orbit coupling (I — s and [ + s respectively), the
spin polarisation will be opposite at the two edges. During the second part
of the mechanism, the spin-split valence shell acts as an effective detector for
the spin of the excited photoelectron. The quantization axis of the detector is
defined by the magnetization direction of the sample, which, when aligned with
the photon spin direction, maximises the dichroic effect. The XMCD white
line intensities, Ly and L3, recorded with right and left circular polarisation are
of opposite sign, reflecting the opposite spin-orbit coupling of the p 1 and P3
levels. The spin sum rule correlates the measured intensites, Lz - 2Ly to the
spin moment. Likewise, if the valence shell possesses an orbital moment, it will
act as an orbital momentum detector for the excited photoelectron. Through
simply summing over the Ly (I — s) and L3 (I + s) intensities the spin s Is
evidently eliminated, and the orbital moment of the valence shell is deduced.
An orbital sum rule expresses the relation between the integrated intensities
and the orbital moment of the valence shell.

The following description is based on the premise of a fixed sample magnetisation direction and the dichroic
signal consequently equals the difference between the intensities obtained for the two X-ray helicities.
Although conceptually simpler, in practise, the spectra are measured using fixed circular polarisation while
switching the magnetisation direction parallel and anti-parallel to the incoming photons. The equivalence
of both arrangements is easily shown 64].
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(a)

N holes

Figure 4.19 L-edge X-ray magnetic circular dichroism illustrated in a one-
electron model. The transitions occur from the spin-orbit split 2p core shell
to empty conduction band states above the Fermi level, Er. In conventional
L-edge X-ray absorption (a), the transition intensity measured, I, + I, is
proportional to the number of unoccupied states in the d band. By use of
circularly polarised X-rays, the spin moment (b) and orbital moment (c) can
be determined from the difference in dichroic intensities, using sum rules.

The straightforward picture described is directly applicable to transition
metal elements such as manganese. Indeed, previous XMCD measurements
have been successfully carried out at the Mn L, 3-edge of the optimally doped
manganites [58] [69] yielding crude estimates of the average orbital contribution
to the Mn magnetic moment of - 2.1 x 1072 pg to - 5.1 x 1072 pp at low
temperature.

Here, attention is drawn to the strong hybridisation of the Mn 3d and O 2p
orbitals in the manganites - a prerequisite of the double exchange mechanism.
Since the manganites’ electronic structure cannot be accurately described in
terms of a purely ionic model, the precise, quantitative interpretation of tran-
sitions to orbitals of mixed character is a somewhat ambiguous affair.

Quantitative analysis of the L edge dichroic spectra is also difficult for the
rare-earth ions due to the presence of the localised 4f electronic states. Here,
the transitions at the Ly and Lj-edges correspond to electron excitation from
Qp% — Sd% and Qp% — Bd% respectively. The partial occupancy of the 4f level,
and the strong intra-atomic coupling which aligns the 4f and 5d electron spins,
destroys the symmetry of the Ly and L3 dichroic intensities, thus compromising
the sum rules [70]. Thus, for the manganite samples studied, a quantitative
determination of the Nd** spin moment (electronic configuration, [Xe]4f*6s?),
is beyond the scope of any rudimentary analysis.
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However, qualitative information regarding the nature of the inter and intra-
atomic coupling of the Nd and Mn ions may be obtained through comparing the
relative orientation of the dichroic signals with reference to the aforementioned
results [58]. In this previous work, the reversal of the Nd moments’ orientation
relative to that of the Mn ions, was determined through comparing the relative
directions of the Ls edge and Nd My s-edge dichrosim peaks. Earlier discussion
has established that the former peak originates from the 2p3 — 3d5 transition
in Mn, providing a direct probe of the "magnetic” hybmdlsed 3d orbitals.
Slmllarly, the M-edges of Nd probe the "magnetic” 4f shell of the rare-earth
ion, as the dichroic signal is ascribed to 3d — 4f transitions in this ion.

Therefore, through comparing the results of both experiments, conclusions
may be drawn as to whether the applied field serves to break the intra-atomic
Nd (5d) - Nd (4f) coupling or the inter-atomic coupling Nd (5d) - Mn (3d) as
mediated by the Nd (5d) conduction electrons.

During the course of this experiment, XMCD spectra were obtained at both
the Nd L; edge and Mn K edge. The K-edge absorption in manganese cor-
responds to a transition from the 1s to the empty 4p band states, with the
dichroism originating from the polarisation of the final states, as opposed to
the core shell as previously discussed for the L-edges. The polarisation of
the Mn 4p states, previously attributed to the on-site Coulomb interaction be-
tween Mn 3d and 4p electrons [71], and more recently assumed to originate
from the hybridisation of the 4p with the 3d orbitals on neighbouring Mn ions
(either directly or via the intervening O 2p orbitals) [72]. The fortuitous prox-
imity of the Mn K-edge (at 6540 eV) to the Lj-edge of Nd** (at 6208 eV)
enabled both edges to be probed simultaneously, using the dispersive optics
arrangement described in the following subsection.

4.4.2.2  Experimental arrangement

Although a theoretically straightforward technique, the experimental imple-
mentation of XMCD is not a trivial task, requiring highly collimated, circu-
larly polarised X-rays and precise detection optics. The generation of hard
X-rays (5 - 20 keV) at the Dispositif de Collision dans I'Igloo (DCI) synchrotron
installation at the Laboratoire pour I'Utilisation du Rayonnement Electromag-
nétique (LURE), and the dispersive optics of the D11 beamline at that facility
are described below.
_ (i) The generation of synchrotron radiation and circularly polarised photons
Synchrotron radiation is the intense, highly collimated electromagnetic field
emitted by charged particles moving at relatavistic speeds in circular orbits in
a magnetic field. At the DCI storage ring, a tungsten converter produces
positrons from the electron beam that emerges from a linear accelerator with
energies of a few hyndred MeV. Bending magnets apply state magnetic fields,
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B, perpendicular to the horizontal orbital plane of the positron beam, acceler-
ating the particles along a circular path, in accordance with the Lorentz force,
EF = ev x B. The resulting radius of curvature is"
myv? myc 3.32F

p=—F m— 2 (GeV) . (43)
for relatavistic particles of energy, E = ymc?, where y»1 and m is the particles’
rest mass. At the DCI facility, the circumference of the positrons’ orbit is 96
m, the particle energy, E = 1.85 GeV and the applied, accelerating field, B =
1.6 T. The synchrotron radiation is emitted tangentially along the particles’
circular trajectory with a spectral bandwidth ranging from the infra-red up to
a critical wavelength, A, = 3.4 A (E.= 3.62 keV), defined such as half the total
power is radiated at energies greater than E..

The D11 beamline is situated at the exit of the D1 bending magnet light
source at DCI. The beam emitted is linearly (plane) polarised both within
the plane of the particles’ rotation and perpendicular to this plane. These or-
thogonal linear polarisation states, denoted as ¢ and 7 respectively, are phase
shifted by 7 since one is real and the other imaginary. Consequently, al-
though the beam is fully horizontally polarised when the direction of observa-
tion lies in the midplane of emission, (i.e. at 1 = 0°), above and below this
plane the light is circularly polarised with right-handed and left-handed helic-
ity respectively;.the degree of circular polarisation increasing with increasing
1. However, the total flux, defined as the number of photons emitted per
second within a defined spectral bandwidth, decreases as ¢ deviates from 0°.

" The selection window of width lmm for the incident circularly polarised
beam used during the XMCD measurements presented, was situated 15 m
from the bending magnet source, at 5 mm below the midplane of emission,
corresponding to ¢ = 0.3 mrad. This position represents the optimal com-
promise between total flux and degree of circular polarisation, yielding light
with a left-handed helicity, 60% circular polarisation and a total flux of 3 x
10! photons/s.

(i1) Dispersive optics at D11

Illustrated in figure 4.20 is the arrangement of monochromator and de-
tector which constitutes the energy dispersive optics situated 15 m from the
point source at beamline D11. The triangularly-shaped silicon single crys-
tal ”monochromator” is curved so that the continuous variation of incident
angle produces a polychromatic beam with a defined energy-reflection angle
correlation, in accordance with Bragg’s law

2d, sinf = n\ (44)

The relation betwen the X-ray energy and the direction of propagation trans-
lates into an energy-position correlation at the position-sesitive detector, which
comprises 1024 photodiodes of width 25 pm. This arrangement enables precise
and simultaneous energy measurement over a broad energy spectrum.

105



Slits

$ High pressure cell
Mirror

IS

Harmonics-free reflected beam

Electronics =

e oV ™ A

,‘-"srr—r—:ﬂ‘- & v

S =—t—] =

ro WO ICARNRL, ey

i B =

o 2 :
S

2.

; [ Computer/ S:oragew
e

Figure 4.20 Schematic illustration of the dispersive optics arrangement which allows
simultaneous collection of a full spectrum.

(14i) Data aquisition

To achieve dichroism, the dispersive optics are tuned to the energy of the
probed edge, and the direction of the sample’s bulk magnetisation interchanged
through the alternate application of a magnetic field parallel and anti-parallel
to the direction of propagation of the X-rays. An applied field up to 4T
was produced by a helium-cooled superconducting magnet, whilst a cryostat
enabled the measurement to be carried out at 4.2 K.

The measurement was carried out in a transmission geometry; the intensity
of the signal measured by the bank of photodiodes, I, depends on the absorption
coefficient, u, of the sample and its thickness,

I = Ioe_“'l (45)
giving
[ Iy
- -0 46
w=yin|3] (46)




During XMCD, the signal measured with the field parallel and antiparallel to
the X-rays, gives successively,

+ b Th
B = ¥1n F] _ (47)
and )
T
g =zl _l—_J (48)
which gives,
pt—pm =t {I—_J (49)
M

The small amplitude of the effect necessitates the repeated aquisition of the
signal; each Nd®** L-edge absorption measurement was repeated 85 times. The
rapid rate of aquisition and stability offered by the dispersive optics set-up
enabled the signal to noise ratio to exceed 10.

(iv) Sample preparation

Samples for transmission spectroscopy are required to be transparent to x-
rays. Therefore, a solution of ground manganite powder in cyclohexane was
filtered through an adhesive 0.8 ym micropore membrane, yielding a 10 um
thick layer of homogenously distributed manganite particles. The membrane
was subsequently secured to the sample holder using Kapton tape.
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4.4.2.3 Results

Figure 4.21 show the XMCD signals measured for (a) (Ndg7Sry3)MnO;, (b)
(Ndo.7Cag.3)MnO3 and (c) (Ndo.7Bag3)MnO; at 4.2 K in applied fields in the
range 0.1 T to 4 T as noted. '

Intensity (a.u.)

02T

Intensity (a.u.)

1 i I

6200 6300 6400 6500 6600

Energy (eV)

Figure 4.21 X-ray magnetic circular dichroism spectra measured for (a) (Ndojsro‘g)l\/an;;
in applied fields 0.1 T and 4 T; (b) (Ndg.7Caq.3)MnO3 in applied fields 0.2 T and 4 T.
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Figure 4.21(c) X-ray magnetic circular dichroism spectra measured for (Ndg.7Bag.3)MnO3
in applied fields 0.1 T, 02T, 1T, 2 T and 4 T as noted.
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4.4.2.4 Discussion

Although the dispersive optics employed during the XMCD measurements were
specifically designed to minimise the inherent noise, the poor signal to noise
ratio of the XMCD data presented in figure 4.21 provokes comment. The most
obvious origin of this unwanted signal is the inhomogeneous dispersion of the
manganite particles on the membrane - an inevitable difficulty when preparing
polycrystalline samples. A further possible cause of noise is the shifting of a
magnetised sample in a rotating applied field.

Nevertheless, a strong positive peak at 6540 eV is clearly discernible in each
data set, corresponding to the K-edge transition of Mn. With the exception
of the Ca containing sample, the height of this peak, which is proportional to
the manganese moment, increases with increasing field, whilst its orientation
with respect to the applied field remains constant. That this is not observed
in (Ndo.7Cag3)MnOj is attributed to the charge-ordering of this material, evi-
denced by the hysteretic M(H) loops measured in pulsed field at 4.2 K [figure
4.11].

Due to the small magnetic moment on the Nd cation, the peak corresponding
to the Ly edge at 6208 eV is barely distinguishable from the noisy background
signal. However, it may be observed that for the Ca and Sr compounds, the
relation between the Nd and Mn peak directions is unchanged in the lowest
applied fields - 0.1 T and 0.2 T- respectively. The width of the Nd Lz peak of
(Ndo.7Bap3)MnO3 and a signal to noise ratio which approaches unity, makes
the interpretation of the data measured in 0.1 T and 0. 2 T less obvious for
this compoud. However, the conclusion is drawn that the peak direction is
not reversed. ‘

The exchange coupling of the Nd and Mn sublattices most likely proceeds
via the 5d conduction electrons. The defined transition from the 2p to the
empty 5d band characterising the Nd** L, edge supports this mechanism. Ad-
ditionally, the 4f-4f interaction of the localised 4f (Nd**) orbitals is negligible
above 0.97 K (the antiferromagnetic ordering temperature established for the
Nd sublattice in NdGaQ3 [23]). Thus, the most plausible mechanism for this
indirect interaction is one where the 4f electron spin creates a positive local 5d
moment through intra-atomic 4f-5d exchange with subsequent 5d-3d exchange,
as proposed by Campbell for rare-earth - transition metal intermetallic com-
pounds [73].

It has been previously shown that the Nd M-edge peak (3d —4f transition)
of (Ndo7Bags)MnQOs changes sign in an applied field. Since no reversal of
the Nd L-edge peak (2p —5d transition) is observed, it is concluded that the
applied field breaks the Nd (5d) - Nd (4f) coupling whilst the Nd (5d) - Mn
(8d) coupling is preserved [figure 4.22].
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Figure 4.22 Schematic diagram illustrating the spin and moment coupling between
antiferromagnetically aligned Nd and Mn elements as evidenced by XMCD measurements.
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Chapter 5

The role of oxygen stoichiometry -
LaMn03 .

5.1 Introduction

As the end-member of an exciting series of compounds, LaMnOQj is regularly
described as the "parent compound” from which the prototype CMR materials,
(Lao.7Sr03)MnO3 and (Lag7Cags)MnO3 are derived through cation substitu-
tion. Whilst correct, such a description fails to emphasize that LaMnO3 is a
worthy research topic in itself.

As previously outlined, [section 2.1.4] preparation of the sample using the
standard ceramic method, yields over-oxygenated samples in which deviations
from the nominal stoichiometry are accommodated as cation vacancies, re-
sulting in a Mn®*t-Mn** mixed valence state. Therefore, assuming that O2?~
remains divalent, and vacancies (denoted by [J) are equally distributed over
both La and Mn sites, the formula for the end-member may be written:

(Lat Og)(Mnit,  MnghOs)O4 (1)
which corresponds to ‘
(LaMmn),-50; (2)

However, convention dictates that the formula unit of these ” oxygen-rich” sam-
ples be written (LaMn)O345, where § a2 36" and the fraction of Mn present as
Mn*t as expressed by these different notations is related by 66 /(1 — ¢') =
66/(3 — 6). Although pure LaMnOs is an A-type antiferromagnet [chap-
terl], for sufficiently high Mn** content, the non-stoichiometric end-member
should show ferromagnetic behaviour, as in the case of the mixed valence com-
pounds produced through divalent cation substition. In the Ca?* doped se-
ries, (Lait Ca?t)(Mn3t Mnit)O;, ferromagnetism is exhibited for 0.14 < x
< 0.38, with ordering temperatures, T¢ 182 K to 278 K respectively [1]. The
relevant non-stoichiometric compounds with equivalent Mn** content are thus
in the range, (LaMn)g 97703 to (LaMn)g.g3703.

Therefore, in order to draw a comparison between the physical proper-
ties of the optimally doped, x= 0.3 substituted lanthanides and their cor-
responding non-stoichiometric end-member, a polycrystalline ceramic sample
of (LaMn)g¢503 was prepared and characterised. The properties of the end-
member were futher investigated through reducing the sample to produce a
stoichiometric oxide, LaMnQj3, which was duly characterised.
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5.2 Experimental procedure

5.2.1 Sample preparation

Using the standard ceramic method detailed in chapter 2, lanthanum oxalate,
Lay(Cy04)3.9H,0 and manganese carbonate, MnCOj3, precursors were sintered
at 900°C and subsequently ground and annealed repeatedly at 1200°C in
air. X-ray diffraction [section 2.3.1] established that the polycrystalline ce-
ramic produced was a single phase, with lattice parameters corresponding to
those expected for the oxygen-deficient end-member with formal composition,
(LaMn).9503 [section 5.2.2].

The near-stoichiometric sample, LaMnO3s; was prepared through the ther-
mal reduction of finely ground (LaMn)g 503 powder under hydrogen, using a
thermopiezic analyser (TPA) [2]. Through measuring the change in pressure
exerted by the sample within a fixed volume as a function of temperature, this
instrument can provide a quantitative measurement of the gas desorbed by the
compound. A schematic illustration of the apparatus is given in figure 5.1.
The powdered sample is contained within a narrow quartz tube, the dimen-
sions of which constrict the active volume to 2.64 cm®. The furnace consists
of a length of Kanthal wire wound around an Inconel bobbin and set in re-
fractory cement. Thermal insulation is ensured by Kaowool; a fibre with a
suitably high melting point. A computer interfaced power supply delivers cur-
rent to the heater and a chromel-alumel thermocouple is used to measure the
resulting temperature.

Valves , Pressure transdﬁcer
—(XT
o \ : "
Heating: o KL /Sampleg
: NI
coil £
. s
Vacpu{{l ; B 7707, Inconel
pump : o :
Fae / bobbin
Kaowool
Thermocouple'

Figure 5.1 Schematic representation of the thermopiezic analyser (TPA).
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Figure 5.2 below shows a typical temperature-pressure scan measured for
44.9 mg of (LaMn)gg503, heated at 20 °C'/min to 700°C under 1 bar of hy-
drogen. The sample is seen to react at ~ 400°C', where the measured change
in pressure, AP a2 73 mbar. The mass of the end-product was 44.5 mg; a de-
crease, which if solely attributed to oxygen desorption from the compound, is
consistent with the formation of LaMnOs;. Although the possible additional
incorporation of some hydrogen into the lattice as OH~ cannot be excluded on
the basis of this result, the lattice parameters deduced for this compound (see
below) are in good agreement with those reported for stoichiometric LaMnQOs
prepared using alternative methods; firing in a reduced pressure (102 Pa) of
oxygen (3], or in nitrogen [4] or argon [5] atmospheres.
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Figure 5.2 The variation of pressure with increasing temperature during the thermal
reduction of (LaMn)o.9503.

5.2.2 Structural characterisation

The single-phase purity of both samples was determined through X-ray diffrac-
tion. The diffraction pattern of (LaMn).0503 [figure 5.2] could be indexed on
a rhombohedral cell (space group R3c) with cell parameter, a = 5.524 A and
rhombohedral angle, v = 60.64°, which corresponds to a ”pseudocubic” unit
cell with lattice parameter, ag = 0.391A. These values are in close agreement
with those previously reported in the literature [6] for a sample with the for-
mal composition (LaMn)g.9503, as determined through analysis of powder X-
ray diffraction patterns, neutron diffraction and complimentary high-resolution
transmission electron microscopy. _

As illustrated by the XRD pattern in figure 5.2, a different crystal structure
was established for the LaMnO3; sample. The orthorhombic symmetry (space
group Pbnm) with lattice parameters: a = 5.54 A, b=573 Aand c =773
A determined for this sample correspond to data previously published for the
near-stoichiometric end-member [10] [4].
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Figure 5.3 The X-ray diffraction spectra of polycrystalline (LaMn)g 9503 and LaMnO3.

5.2.3 Sample characterisation

The four-point probe method described in detail in chapter 3 was used to
measure the electrical resistivity of the samples. Their ac-susceptibilities were
measured as a function of temperature in an alternating field with amplitude
80 A/m and frequency 1 kHz, using the mutual inductance method previously
described [section 4.2.2]. Additionally, magnetisation curves for both com-
pounds were measured in applied fields of 0 to 6 T at 4.2 K. This latter
measurement was performed using a Foner-type vibrating sample magnetome-
ter in conjunction with a superconducting magnet. The sample was vibrated
in the "active region” of a set of pick-up coils, where the sensitivity of the coil
system varies slowly with position, making it insensitive to the exact location
of the sample. A standard nickel sample was used for calibrate the detected
signal with the bulk magnetisation. A liquid-helium cooled superconducting
solenoid was used to generate the applied field, up to a maximum of 6T.

5.3 Results

Figures 5.4 through 5.6 present, respectively: the temperature dependence
of the resistivity of (L.aMn)g.95O3; the maenetic susceptibility of (LaMn)o.0503
and LaMnOsj ; the low temperaty s of both samples as
a function of applied field. Attt

0.9573
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=
-

lo-l v I
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uT (K'Y

Figure 5.4 The resistivity of (LaMn)g.9503 as a function of temperature. (The Curie
temperature is denoted by the arrow).
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Figure 5.5 Magnetic susceptibility versus temperature for (LaMn)g.9503 and LaMnOs.
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Figure 5.6 Magnetisation curves at 4.2 K for (LaMn)g.9503 and LaMnOj3.

5.4 Discussion

The structural and physical properties of these two compounds are strik-
ingly different. LaMnOj is typically insulating [8] whereas (LaMn)g 9503 is
a semiconductor, characterised by a room temperature resistivity of 1071Qm
and a thermally activated conduction mechanism above the ordering temper-
ature, T¢c. As shown in figure 5.4, a convincing straight line fit is obtained
for the data in the paramagnetic regime when plotted according to a simple
activation law,

i ,
kT

giving an activation energy, E, = 0.16 eV. Although there is a change of acti-
vation regime at T, the sample does not exhibit the metal-insulator transition
characteristic of the x= 0.3 doped lanthanum manganites. Activated, semicon-
ducting behaviour with no metal-insulator transition is also observed by Alonso
[9] for a sample with this nominal stoichiometry. However, this result curiously
contradicts the experimental observations of Tépfer et al. [10], where metal-
insulator transitions are described for (LaMn),_sOj3 for §' > 0.04; a result also
supported by Mahendiran et al. [11] for (LaMn)g 603 and (LaMn)g.940Os.

A possible explanation for this disparity is suggested by recent work [9]
which determines that the defect chemistry of (LaMn);_sO3 does not neces-
sarily correspond to equal numbers of randomly distributed La and Mn va-
cancies. Therefore, the non-stoichiometry of the sample cannot be accurately
denoted by a single parameter, §', but requries the specification of two pa-
rameters, z and vy, as in La;_,Mn;_,Os. The relative values of z and ¥y
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depend on the preparation procedures of the samples, in such a way that the
ratio of La to Mn vacancies approaches unity for ceramic synthesis at higher
temperatures in air. Thus, the preparation conditions of the sample under
study here favour equal values of z and y; likewise, the conditions adopted in
the studies quoted earlier for structural reference [6], and those of Alonso [9].
Conversely, the lower temperatures and increased oxygen pressures employed
during ceramic synthesis by others [10] [11], possibly led to samples with rela-
tively fewer Mn and more La vacancies. This interpretation implies that the
localisation of conduction electrons is more efficiently achieved by B-site va-
cancies than A-site vacancies (or A-site cation disorder) - a conclusion that is
supported by a comparative study of La;_;MnO3 and LaMn;_;O3 for 0 < x
< 0.2 by Arulraj et al. [12]. As previously discussed in section 3.5, the most
likely crucial parameter to govern the metal-insulator transition is the effective
Jahn-Teller coupling constant, A.fs, defined by Millis et al. [13] as the ratio of
the Jahn-Teller stabilisation energy, § ;7 and effective hopping matrix element,
tefr. Intuitively, Mn vacancies would appear more efficient than A-site vacan-
cies at impeding electron mobility, effectively minimising t.;; and maximising
Aeff; although localisation lengths would need to be compatible with the provi-
sion of the double-exchange ferromagnetic interaction. Although more recent
systematic studies have shown that increasing the vacancy concentration, §
leads to more open Mn-O-Mn bond angles [4], - which were previously shown
to favour carrier mobility in substituted manganites [section 3.5] - the pertur-
bation of transport due to missing Mn ions appears the more influential factor
with respect to the cation deficient end-member.

The magnetic properties of both samples are also markedly dissimilar. The
ac-susceptibility of the non-stoichiometric compound [figure 5.5] is charac-
teristic of a ferromagnet with an ordering temperature, T¢ = 125K. This
value is much reduced from the ordering temperatures of the substituted lan-
thanum manganites, In contrast, the small peak shown in the data for near-
stoichiometric LaMnO3 is characterstic of an antiferromagnet centred at a
Neél temperature, Ty =~ 120 K. The latter result concurs with early neutron
diffraction studies [8] which established the A -type antiferromagnetic struc-
ture of the stoichiometric end-member; the a-b plane is ferromagnetic with
Mn®** spins parallel to the orthorhombic b axis in the Pbnm space group,
whereas successive planes are coupled antiferromagnetically.

These observations are further confirmed by the M(H) curves measured at
4.2 K [figure 5.6] where the saturation magnetisation of the ferromagnetic ma-
terial was measured as o = 75 JT " 'kg~!; corresponding to an average man-
ganese moment of 3.3 pz. Assuming the perfect collinear alignment of the Mn
lattice, and an equal number of A and B site vacancies, this value is slightly
reduced from the expected theoretical spin-only moment of 3.52 pg per unit
(LaMn)g.¢503 and corresponds to the spin-only moment expected of ferromag-
netically aligned Mn3* / Mn** in a ratio 0.47:0.53. Alternatively, the reduced
value may be attributed to a canted ferromagnetic structure with a canting
angle of 20.4°. This latter interpretation is in broad agreement with recent
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neutron diffraction measurements [9] which determine the magnetic structure
of rhombohedral (LaMn)9s03 as a canted ferromagnet with a canting angle
af Z7°.

In conclusion, the insulating, antiferromagnetic character of .LaMnQs, can
be dramatically altered through the introduction of a Mn** /Mn** mixed va-
lence state, afforded through the divalent substitution of La®* or changing the
oxygen stoichiometry, Os,s. The latter may be achieved through a judicious
choice of preparation conditions during the ceramic synthesis process, which
introduces La and Mn vacancies. Both methods result in an increased carrier
mobility which in turn mediates the ferromagnetic double-exchange. How-
ever, as compared to the substituted lanthanum manganites with an equiva-
lent e! band occupancy, the introduction of vacancies (most notably in the Mn
sub-lattice) leads to strong carrier localisation effects and frustrated magnetic
structures with low ferromagnetic ordering temperatures.
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Chapter 6
Double perovskites - the next generation

6.1 Introduction

The deluge of recently published work pertaining to the mixed-valence man-
ganites attests both to their intriguing physical properties, and to a widespread
optimism towards their possible potential for device applications. In addition
to the possible direct application of the CMR effect in magnetic field sensors,
position sensors and bolometers, [1], the high degree of spin polarisation in the
e, conduction band suggests the incorporation of the ferromagnetic metallic
manganites as a potential source of spin-polarised electrons.in magnetoelec-
tronic devices such as tunnel junctions [2].

To investigate their capability as spin injectors, tunnel spin valves have been
fabricated, in which an insulating, metallic or superconducting spacer layer is
sandwiched between two ferromagnetic (manganite) layers. In principle, if the
decoupled ferromagnetic electrodes are fully spin polarised, electron tunneling
between them is determined by the relative orientation of their magnetisations.
Thus, tunneling occurs for a parallel magnetisation configuration and is classi-
cally prohibited for an antiparallel arrangement, which, in the absence of spin-
flipping, delivers a magnetoresistance effect when an applied field switches the
magnetisation of the two magnetic layers. The impressive 80% magnetoresis-
tance measured for Lu et al.’s oft-cited (Lag 7Sro3)MnO3 /SrTi03/(Lag7Sre.3)MnO;
trilayer structure at 4.2 K confirmed the high-degree of spin-polarisation in this
particular manganite [3], as did the remarkable 410 % effect sunsequently mea-
sured by Viret et al. [4] in a similar structure. However, the decreasing magni-
tude of the effect with increasing temperature meant that the MR vanished at
200 K. The dramatic reduction has been ascribed to the appearance of a so-
called ”dead layer”; an oxygen-deficient layer at the SrTiOs-(Lag.7Sre.3)MnOs
interface, where, on increasing the temperature, the spins become progressively
more disordered than within the bulk, which promotes spin-flipping and thus
decreases the MR effect. Since the practically-useful temperature range for op-
erating devices centres around room temperature, these detrimental interface
effects and a ~ 400 K upper limit on the manganites’ ordering temperature
[section 4.2.3] have impelled the research community to consider other half-
metallic ferromagnetic oxides, such as chromium dioxide [5] and most recently,
the double perovskites.

In a manner reminiscent of the aforementioned manganites, these perovskites
with the general formula, A’A”B’B” Og (where the primes indicate the possi-
bility of different ions) were initially studied in the 50s [6], and are currently
being re-examined in the context of future novel devices. However, in contrast
to the experimental observations which rekindled interest in the manganites
[discussed in section 3.1], the renewed interest in the double perovskites de-
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to the experimental observations which rekindled interest in the manganites
[discussed in section 3.1], the renewed interest in the double perovskites de-
rives from recent band calculations [7] which suggest that SroFeMoOg is a
half-metallic ferrimagnet, with the possiblity of exhibiting a notable 60% spin
polarisation at room temperature. The ordering temperature, at 410 — 450
K [8], is already higher than the best manganite, but the characteristic mal-
leability of perovskite chemistry offers the possibility of enhancing T and the
prospect of uncovering intriguing physics. To this end, the preliminary results
presented in this chapter represent an introduction to three double perovskites,

SroFeMoQg, CayFeMoOg and BasFeMoOg.

6.2 Background

The double perovskites, A’A"B’B”Og, had been studied for thirty years
prior to the advent of accessible high-flux neutron sources in the 1980s [6] [9]
[10] [11] [12] [13], which enabled the crystallography of many known double per-
ovskite compounds to be unambiguously determined [14] [15] [16]. Since the B
cations generally dictate the physical properties of these materials, the double
perovskites are classified according to three B-cation sublattice arrangements:
random, layered and rock salt, illustrated in figure 6.1 [17]. Compounds that
have a random sublattice show no evidence of B-cation order, whereas the
latter two are ordered arrangements. :

The rock salt sublattice is exemplified by the studied compounds, CasFeMoOs,
SroFeMoOg and Ba,FeMoOg, where the B-sites are alternately occupied by
Fe’* (S=2) and Mot (S=3) cations; an arrangement analogous to the inter-
penetrating Nat and Cl~ face-centred cubic lattices of sodium chloride. An
intervening oxygen ion bridges each Fe and Mo ion pair, forming alternating
FeOg and MoQOg octahedra, with the A-site cations sitting in the interstitial
sites. The precise symmetries of the double perovskite compounds, as deter-
mined by X-ray diffraction, are discussed in detail in the following section,

6.3.2.

®) ©) @eo @o O
| -

Figure 6.1 (a) Random, (b) Layered and (c) Rock salt arrangément of B cations in the
absence of BOg octahedral tilts. -
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By contrast to the manganese perovskites of previous chapters, in which
both the conduction electrons and localised spins originate from the Mn 3d elec-
tronic states, the original local spin model of the ordered AsFeMoOg is based
on a division of labour between the two B-site species. Whereas the Fe** (3d°")
electrons constitute the localised spin states, the Mo®* (4d11) electrons are de—
localised. The antiferromagnetic superexchange interaction between the S=
core spins and the itinerant S—— spins indicates a ferrimagnetic structure be-
low the ordering temperature, Tc, and a theoretical total saturation moment
of (5-1) = 4 pg/ formula unit for the ideal ferrimagnetic configuration.

This intuitive model finds support from the SroFeMoOg electronic band
structure calculations of Kobayashi et al.[7], the results of which are schemat-
ically illustrated in figure 6.2. From this diagrammatic representation of the
density of states, the half metallic nature of this compound’s ground state be-
comes immediately apparent; at the Fermi level, Er, an energy gap in the up
spin subband coexists with an occupied down spin band. In accordance with
the aforementioned model, a hybridised Fe(3d")-O(2p') state constitutes the
occupied up spin band, with the Mo(4d") states at energies above Ep. Like-
wise, the down spin subband is predominantly composed of O (2p!) states,
with F e(tzg) and Mo(th) electrons at the Fermi level. Furthermore, it is the
overlap of the delocalised Mo electrons with the empty Fe(tzg) orbitals, which

produces the ferromagnetic Fe**-Fe** coupling. In the ideal rock salt struc-
ture there are no Fe-O-Fe superexchange bonds.

W S ol EF
Fe(t,y) + Mo (t,,)

Figure 6.2 Schematic representation of the density of states for SroFeMoOg as adapted
from [7].
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6.3 Experimental procedure

6.3.1 Sample preparation

Polycrystalline ceramic samples of AyFeMoOg; A = Ca®*, Sr?*, Ba?* were pre-
pared from stoichiometric mixtures of appropriate oxide and carbonate precur-
sors using the standard ceramic method previously described [chapter 2]. The
initial calcination was carried out at 980 °C in air. The resulting decomposed
precursors were then repeatedly ground and sintered, culminating in a final, 8
hour firing at 1100 °C in a mixed atmosphere of 1% hydrogen in argon.

6.3.2 Structural characterisation

X-ray diffraction spectra [section 2.3.1], established that the samples were pure
with no secondary phases present. Rietveld analysis of the patterns indicated
that the compounds had crystallised in three different variants of the double
perovskite crystal structure, exhibiting a series of superstructure reflections
due to cation order of Fe and Mo on alternate B-sites. The lines could be
indexed using a monoclinic (P2;/n), tetragonal (P4/mmm) and cubic (Fm3m)
space group for the Ca, Sr and Ba compound respectively. These are noted
in table 6.1 alongside the corresponding lattice parameters and X-ray density
determined for these samples. Additionally, the concept of Goldschmidt’s
tolerance factor, t, previously defined for the magnanese perovskites [equation
2.2] is extended to the double perovskites, and may be written

s s i (1)

V2{(rly +74)/2+ 10} |

The values tabulated in 6.1 were calculated using Shannon’s ionic radii [18]
for twelve-fold coordinated B-site cations within an undistorted cubic lattice,

based on the oxygen radius, ro=1.40 A.

| Compound Space group | Lattice parameters (10~ pm) r = X-ray l
e | density (kg/m°)
CagFeMoOg | P2;/n a=541.6, =552.7, c=T769.8; 0.780 | 4727
B = 90.04°
SrpFeMoOg | P4/mmm a=b=557.3, c=790.5 0.808 | 5714
BagFeMoOg | Fm3m a =806.2 0.858 | 6623

Table 6.1 Summary of the structural parameters deduced for the three double perovskites.

Double perovskite compounds with a rock salt sublattice generally have
either a cubic 2ag unit cell or a monoclinic cell, corresponding to a slightly
distorted ﬁao, \/-2-a0, 2ao doubled perovskite supercell, where ag is the lattice
parameter for an ideal cubic ABO3 perovskite. The monoclinic cell is observed
when the tolerance factor is notably less than unity and results from rotations
of the BOg octahedra about the [011]cyussc and the [100]eyup. axes, as depicted
in figure 6.3 below.
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B0 @ B'O, A cation

Figure 6.3. Rock salt sublattice with tilted BOg octahedra. The crystal structure is
monoclinic, with space group P2;/n, as determined for CasFeMoQg.

The tetragonal \/§ao, \/—2-a0, 2ap unit cell determined for the SroFeMoOg
polycrystalline ceramic warrants further discussion. This cell is not one of
those specified as being compatible with the allowed topological transforma-
tions of the perovskite structure and a rock salt arrangement of the B ion [19].
However, published reports of ordered double perovskites with rock salt sub-
lattices and alternative crystal structures has prompted Anderson et al [17]
to speculate that ”"small monoclinic distortions, expansions to a larger unit
cell size or perhaps incomplete order of the B cations are present [in these
compounds|”. The latter point is re-addressed in section 6.5.

6.3.3 Sample characterisation

The ac-susceptibility of each sample was measured using the mutual inductance
method [section 4.2.2] in an 80 A/m, 1 kHz excitation field in both the high and
low temperature concentric coil rigs. The samples were prepared as elongated
cuboids, with typical dimensions, 9mm x 1 mm x lmm.

Magnetisation as a function of applied field was measured at 5 K using a
”Quantum Designs” superconducting quantum interference device (SQUID)
magnetometer in fields up to 5 T.

Resistivity measurements were carried out as a function of temperature,
in the range 12 - 300 K. The four point probe technique and experimental
apparatus used are described in chapter 3.
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6.4 Results

The magnetisation and ac-susceptibility measured for all three compounds
are presented. Additionally, typical magnetoresistance curves are shown for
SroFeMoQOg, with a summary of all measured results given in the following
table 6.2. These include: the Curie temperature, T¢; saturation magnetisation
measured in 5 T at 5 K, My; the spontaneous magnetisation measured at room
temperature, M; and the resistivity at room temperature, ppr.

g
W

(\)

B

sk
h

M (1 /fu.)

0 l l 1 l 1 »;: 2K ; -
0.5 100 150 200 250 300 350 400 450 500
] Temperature (K)

OlJiLIJlLlllJllLllllL;}_!ll

0 1 2 3 + 5

u H (1)

Figure 6.4 Variation of magnetisation with applied field for A;FeMoOg at 5 K (A = Ca, U
; Sr, e ; Ba, o). :

The insert shows the real part of the susceptibility measured in 80 A/m at 1 kHz.
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Figure 6.5 Resistivity of (a)CazFeMoOs, (b)SryFeMoOg and (c) BagFeMoOg.

| Compound | T¢ (K) | My I Mo
(ug/fuw) | (pg/fu.) | (nOim)
CagFeMoOg 345 3.63 1.58 10
SroFeMoQg 425 3.51 2.04 4.5 x 10°
BagFeMoOg 367 3.85 1.56 5.5 x 10*

Table 6.2 A summary of the measured physical properties for the three double perovskites

studied.
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6.5 Discussion

The ordering temperatures, T¢, of the samples, given in table 6.2, were
determined from the ac-susceptibility data presented in figure 6.5. The ¥
response below T¢ becomes increasingly ferromagnetic and step-like in the se-
ries Sr, Ca, Ba. This trend of strengthening ferromagnetism is also reflected
in the increasing moment measured at 5 K for the series; 3.53, 3.63 and 3.85
pp/ f.u. respectively. These values are reduced from the theoretical 4 pg/f.u.
expected from the proposed ferrimagnetic ionic configuration Fe®+ /Mo®+. This
discrepancy, observed by other groups [7], may be attributed to a number of
possible factors: covalent mixing with the unpolarised 2p(O) orbitals; spin
canting; antiferromagnetic coupling of Fe** ions in adjacent B-sites or disor-
dered arrangement of alternate B-site cations. In accordance with this latter
explanation, the Sr compound, previously noted for an incongruous crystal
structure possibly indicative of B-site disorder, appropriately displays the low-
est saturation magnetisation. This hypothesis may also account for the lack of
correlation between the calculated tolerance factors and the measured physical
properties.

To further investigate this hypothesis, Mossbauer spectroscopy and neu-
tron diffraction was used to determine the electronic configuration of the con-
stituent Fe ions and the degree of cation order in the monoclinic rock salt,
CagFeMoOg [22]. The results obtained attributed a moment of 4.0(1) ppg to
the iron with -0.2(3) pp on the molybdenum, and suggested that 6% of the
Fe®+ were misplaced on Mo®* sites. (sites 2d and 2c respectively within the
appropriate P2; /n space group). However, this estimate of cation disorder is
insufficient to account for the value of My, which requires that 24% of the
constituent Fe ions are misplaced within the ferrimagnetic model. A plausi-
ble explanation, consistent with the observed trends in the susceptibility and
saturation magnetisation, is that the modest cation disorder order gives rise
to some non-collinearity in the spin structure.

As shown in figure 6.6, the resistivity as a function of temperature of the
three ceramic samples differ by six orders of magnitude, but all have the
positive temperature coefficient of resistivity characteristic of a metal. The
CagFeMoOg is the most conducting, with p ~ 10u{lm at room temperature,
comparable to the values measured for the more conducting ferromagnetic
manganites [table 3.1]. However, a range of room temperature values, pgr,
from 1 - 1000 mQm measured for SroFeMoQOg,attributable to differences in
previous thermal treatment, suggests that like their manganite forebears, the
transport properties of the polycrystalline double perovskites are dominated
by extrinsic effects. The significant contribution of the grain boundaries to
the resistivity is again suggested by the magnetoresistance effects measured
[21], where the maximum effect is measured for the Sr compound with great-
est pgr. The Ca compound shows a negligible MR effect suggesting that the
low resistivity measured for this particular sample is almost entirely intrinsic
in origin.

In conclusion, through exhibiting higher ordering temperatures (with re-
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spect to the manganites) and a high degree of spin polarisation, as borne out
by the good preliminary room temperature magnetoresistance measured for
SroFeMoQOg [22], the possible incorporation of the double perovskites in a fu-
ture spin electronics based technology seems most auspicious.
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Chapter 7
Conclusions

7.1 Conclusions

The malleability of perovskite chemistry has offered the opportunity to com-
pare the structural, transport and magnetic properties of twelve manganites,
(Ao7A’03)MnO3; A = La®t, Pr3t, Nd*+) Sm3+, A’ = Ca?t, Sr2t, Ba?t. Addi-
tional studies of LaMnOj3 and three double perovskites complement this central
research theme, through exploring the role of oxygen content, and extending
the upper limit of ordering temperatures exhibited by these oxides respectively.

A solid state reaction method efficiently produced the twelve principal per-
ovskites studied. Their phase purity and bulk nominal stoichiometry were
confirmed by X-ray diffraction (XRD) and X-ray fluorescence (XRF) respec-
tively. However, as this preparation technique is based on the thermal decom-
position and repeated sintering of component carbonates and oxides at 1200°C,
it proved an inappropriate synthesis method for (Ag7Pbg3)MnO3 due to the
volatility of the PbO precursor. The resulting Pb deficiency of the four com-
pounds was identified by XRF. To a first approximation, their stoichiometry
was determined as (La() 7Pb0,15)Mn03, (PI'OJPbo_O'r)MIlOg, (Nd0_7Pb0.10>MnO3
and (Smg7Pby, Oz)Mnog A sol-gel synthesis route was also explored. How-
ever, the superior sample homogeneity expected from this method was not
ev1denced by the scanning electron micrographs taken of the smgle phase
(Ndo.7Sr0.3)MnO3 compound prepared.

Investigation of the manganites’ transport properties was effectively con-
fined to measuring their resistivity as a function of temperature, p(T). How-

ever, through establishing the T2 dependence of the activated conduction
regime, a contribution was made to the debate surrounding the compounds’
possible conduction mechanism at high temperatures. The superior linear fit
obtained for all twelve samples through plotting their resistivity as In(%) vs

T‘%, suggested that their activated conduction is best described by a variable--
range hopping (VRH) mechanism. The original interpretation of this result
invoked spatial fluctuations in the Coulomb and spin-dependent potentials
which localised the e] (0* band) electrons in large wave packets. Thus, cur-
rent transport proceeded via hops beyond nearest neighbours to sites with a
smaller potential difference. Development of this picture led to the formula-
tion of a self-consistent theory of magnetic localisation. This model introduced
random, spin-dependent potential fluctuations of magnetic origin into Mott’s
fundamental VRH theory. Deducing the resulting localisation and hopping
lengths - 0.34 nm and 1.24 nm respectively for (Lag 7Srg3)MnOj3 - required val-
ues for the density of states, N(Er) ~ 3 x 102 m™2eV~! for (Lag7Sr9.3)MnOs;
these were provided by specific heat capacity measurements.

The theory attributed the metal-insulator transition exhibited by all but
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four samples near T¢, to a narrowing of the random distribution of spin di-
rections in the internal molecular field below T¢, leading to a decrease in the
average magnetic potential fluctuations, AV. Similarly, within this model,
the activated behaviour shown to lowest temperatures by (Prp.;Cag3)MnOs,
(Ndo.7Cag.3)MnOs, (Sme7Cag3)MnO; and (Smg 7Bag 3)MnO; could be attributed
to the narrowing of the eg conduction bandwidth due to a decreased Mn-O-
Mn bond angle. VRH behaviour observed in polycrystalline samples may
be extrinsic, being associated with grain boundaries. Recent experimental
evidence suggests that the manganites’ intrinsic conduction mechanism is ac-
tivated, and related to small magnetopolarons, originating from the dynamic
Jahn-Teller effect. Therefore, it appears that magnetically-controlled VRH
in grain boundaries controls the resistivity of the ferromagnetic manganite ce-
ramics. ;

The principal conclusions of this work pertain to the magnetic properties
of the samples studied. Application of the Curie-Weiss law to the low-field
susceptibility data measured for each sample from 4.2K to room temperature,
gave the ferromagnetic ordering temperatures, T, of the sample matrix. In
order to achieve the stated objective of this project, a detailed investigation of
the correlation between T'¢ and the various physical properties of the mangan-
ites ensued. Athough a universal relation could not be determined, the T¢
of the optimally doped ferromagnetic manganites was conclusively shown to
correlate with the average size of the A-site cations. This result could be ex-
plained in terms of the double-exchange mechanism, decreasing the Mn-O-Mn
bond angle from the ideal 180° through substitution of smaller A-site cations,
decreases the efficacy of the double-exchange mechanism relative to the anti-
ferromagnetic superexchange interaction between the localised to, spins. The
inherent competition may also be reflected in the sharper decline of suscep-
tibility at T<T¢, generally shown by those samples with the lowest ordering
temperatures.

At T>T¢, the Curie constant evaluated for each compound was larger than
that expected from calculating the paramagnetic susceptibility of the free man-
ganese ions. These enhanced Curie-Weiss susceptibilites could be modelled in
terms of ferromagnetic clusters containing an average of three Mn ions. At-
tempts to fit the data to a distribution of Ty within a representative sample
were shown to be physically implausible.

Further insight into the manganites’ magnetic structure was offered by the
magnetisation measurements conducted at 4.2 K in a steady applied field rang-
ing up to 23 T. The variety of structures suggested by these data for the dif-
ferent compounds, reflects the fine balance of interactions which govern the
manganites’ ground state. For (Lag7Srg3)MnOj;, the negligible value of high
field slope measured, OM/OH ~ 6 x 107°ug /T confirms the strong ferromag-
netic nature of this compound, in agreement with recent reports of its high
spin-polarisation. In stark contrast, none of the Pr containing compounds are
saturated in 23 T, showing pronounced high field slopes of order 0.02 pg/T.
Furthermore, the M(H) behaviour of (Prg7Cag3)MnOj3 is characterised by two
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first-order magnetisation processes. The first of these, at 5 T, is the transfor-
mation from the charge-ordered ground state to the metallic, ferromagnetic,
charge-disordered state, widely observed in pulsed field measurements. The
moment, 3.6 pg/f.u. corresponds to an almost fully-aligned manganese sub-
lattice. At 6 T, the magnetisation increases by a further ~ 0.8 pug. This
hitherto unreported transition is attributed to a level crossing transition of the
lowest lying Pr3®*t crystal field levels; an argument buttressed by the calcula-
tion of the crystal field interaction at the rare-earth site. Extré.polation of
this crystal field calculation to the Nd containing compounds supports the ex-
perimental observation that the Nd°* sublattice contributes a further ~ 1ug
to the total magnetic moment of (Ndg.7Srp3)MnO3z and (Ndg7Bag3)MnO:s.

For these compounds, the nature of the inter-sublattice coupling was in-
vestigated through conducting X-ray magnetic circular dichroism (XMCD) at
the Nd L and Mn K edges. This study concluded that the exchange cou-
pling between the rare-earth and transition metal ions is mediated by the Nd
(5d) and Mn (3d) conduction electrons. Moreover, the Nd and Mn sublattices
of (Ndp.7Bag3)MnO; have been previously shown to be antiferromagnetically
aligned in zero applied field at low temperature. Application of a field ~ 1 T
was shown by this study to break the Nd(5d)- Nd(4f) intra-atomic coupling, re-
sulting in the ferromagnetic alignment which prevails up to the highest applied
fields. The ferri- to ferromagnetic transition is irreversible.

Pulsed field measurements up to 25 T were carried out at 4.2 K and 77 K on
the charge-ordered (Prg7Cag3)MnQs and (Ndg7Cag3)MnO;z. The hysteresis
measured for both samples, which was notably absent in the steady field mea-
surements, was quantitatively attributed to the magnetically induced melting
of short-range charge-order in these compounds.

In addition to the systematic study of the twelve perovskites presented, the
physical properties of the end member, LaMnQOj; were investigated as a function
of oxygen stoichiometry. Using an original method to prepare the stoichio-
metric sample - thermal reduction of (LaMn)g.9503 powder under hydrogen in
a thermopiezic analyser - the crystal structure, resistivity, susceptibility and
magnetisation of both these samples were compared. Whereas the former is
orthorhombic, insulating and antiferromagnetic, the latter is rhombohedral,
semi-conducting and ferromagnetic. Through comparing the data obtained
for (LaMn)g.9503 with substitued lanthanum manganites with an equivalent e;
band occupancy - (Lag.7A’0.3)MnOs - the principal conclusion is that vacancies
introduced in the Mn sub-lattice lead to strong carrier localisation effects and
frustrated magnetic structures with low ferromagnetic ordering temperatures.

Enhancing the T¢ of the substituted manganites beyond 370 K through
manipulation of composition or stoichiometry cannot be achieved. Therefore,
those interested in device development have shifted their attention to the dou-
ble perovskites, A;B’'B”"Og. These compounds, with ordering temperatures
which already exceed the highest value exhibited by (Lag 7Sro3)MnOj, (for
SroFeMoOg To = 425 K) may have a half-metallic ground state Thus the
preliminary study of their physical properties, as presented in the final chap-
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ter of this thesis, lays the groundwork for the continued investigation of these
promising new generation of perovskite materials.

7.2 Suggestions for further work

Measuring the resistivity of single crystal samples as a function of temper-
ature, would complement the transport data measured for the polycrystalline
samples. Thus, the intrinsic transport mechanisms of the manganites could
be distinguished from the extrinsic effects systematically investigated here.

The nature of the postulated ferromagnetic clusters should be explored. A
suitable experimental avenue is offered by small angle neutron scattering for
the non-Sm containing compounds. Further investigation of the Sm moment
could proceed using X-ray synchrotron radiation experiments.

Additionally, the calculation of the crystal field interaction at the rare-
earth site of the Pr and Nd compounds could be used as the basis for a more
sophisticated model, incorporating further crystal field parameters.
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