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Abstract.

The colossal magnetoresistance manganites are a group of materials whose
unusual physical properties are a symptom of strongly interacting electrons
and phonons. In order to elucidate some of these electronic and vibrational
properties, an infrared optical investigation of manganites with a broad range
of physical characteristics has been performed. Temperature-dependent nor-
mal incidence reflectivity measurements have been made on two samples of

manganites, in the energy range of 60 cm™! - 50000 cm™,

1. for Lag9Cag1MnQOs3, an insulating ferromagnet!, and
2. Lag.735CagoesMnOj3, a metallic ferromagnet'.

Temperature-dependent ellipsometric reflection measurements were per-
formed in the energy range of 50 cm™' - 5000 cm™', on four faces of two

samples of structurally anisotropic manganite, probing the

3. ab plane and c-axis of La; 3Sr; gMnyO7, a metallic ferromagnet!, and

4. the ab plane and c-axis of PrSryMnyO7, an insulating antiferromagnet’.

The optical conductivity for each of the first two samples has been de-
duced by a careful Kramers-Kronig analyis of the normal incidence reflec-
tivity. For samples 3. and 4. the optical conductivity has been deduced by
inversion of the ellipsometric constants, and a careful subsequent fitting to
account for their anisotropy. The transition temperatures and types of mag-
netic order for all samples have also been characterised by magnetisation

measurements.

1These are the low-temperature state properties of the ab plane.
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Treatment of the surface is shown to be critical in reflectivity measure-
ments by the observation of hugely contrasting spectra, measured from a
polished sample of metallic-like Lag 735Cag.26sMnOs, before and after anneal-
ing.

Several features observed in the measurements, especially for the layered
materials, are consistent with the idea that a polaron, or electron-lattice
interaction, is hugely important in a description of the electron dynamics of
these materials. The correlation between spectral features and the structural
and magnetic properties of the materials is investigated, finding that the
cause of charge transport modification seen in the metallic-like materials
could be explained by either a polaron or localisation due to disorder.
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This thesis is mostly concerned with energy, and the electronic and vibra-
tional excitations occuring at those energies. As such, it is important that
the reader, from the outset, be conversant in the language of energy used
here.

For a start, the terms energy, frequency, and wavelength are all used
interchangeably. In describing energy regions, the term wavelength is usually
used with reference to the visible part of the spectrum. The term frequency
is more commonly used in the low energy (!) part of the infrared region. This
choice emerges from the vibrational character of the atoms in the manganite
crystal lattice. It seems natural to describe the energies associated with these
vibrations as frequencies.

The traditional partitioning of the infrared (IR) region is used extensively
in this thesis. The energies between 50 cm~! and 700 em~! are referred to
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Wavenumber (cm™') || Energy (eV) | Freq. (10'2 Hz) | Wavelength (um)
10 0.00124 | 0.3 1000

200 0.0248 | 6 30

500 0.062 | 15 20

1000 0.124 | 30 10

10000 1.24 | 300 1

Table 1: Table showing the equivalent energy (eV), frequency (102 Hz) and
wavelength (m) for selected values of the wavenumber (cm™!).

as the far-infrared (far-IR). That between 700 cm~! and 7000 cm™! is re-
ferred to as the mid-infrared (mid-IR). Finally, energies between 7000 cm™!
and 13 000 cm™" are taken as the near-infrared (near-IR). The abbrevia-
tions in parentheses are used aggressively, and without warning or apology,
throughout this thesis.

The energy units of choice are the wavenumber, or ecm™!, and are used
fairly consistently throughout, except in some sections where the spectral
results of other research groups are discussed. The conversions between the
frequency and wavelength in their various unit types are given in the above
table for selected values of wavenumber.

A couple of final points on mathematical notation now. Firstly, a vector
quantity will be represented by emboldening the variable name; for instance
Eo. And finally, a complex quantity will usually be denoted as having a tilde
on top of the variable name, for example, the dielectric constant, €. The
notable exceptions include the reflection coefficients, ry, r, and p, for which

complex values are implicitly assumed.
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Chapter 1

Colossal magnetoresistance
manganites.

For as long as matter, energy and the curiosity of mankind have coexisted,
it can be said that the entity of Solid State Physics has existed also, lying
dormant and waiting to be given form. As the nourishment of mathematical
description and scientific discovery have been supplied, so the descriptions
of matter and its physical behaviour have progressed. The efforts of the
20th century, in particular, have brought us to an advanced understanding
of many of the peculiar properties exhibited by solids. This understanding
leans heavily upon the quantum theory developed in the 1920’s, which makes
a very successful distinction between the two most antipodal materials in our
experience, metals and insulators.

The band theory developed in order to make this distinction, in the first
instance, was a consequence of the overlapping atomic energy levels, and thus
depended entirely on the configuration of the crystal ions and their electrons,
with no regard to electron interactions. Metals were thus defined to be those
materials for which a band was partly filled, insulators, materials with full
or empty bands, and semiconductors, those materials with a small band
gap, which allowed conduction if the thermal energy of the electrons was
greater than the gap energy. Although this theory worked remarkably well,
its successes did not extend to the transition metal oxides, which, as observed
in the late 1930’s, were insulators despite having partially filled bands. It

was at this time that the importance of electron-electron correlations was
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2 CHAPTER 1. CMR MANGANITES.

first suggested, and the Mott insulator proposed, written within the realms
of band theory, to account for insulating behaviour in materials traditionally
expected to be metallic.

However, although band theory accommodates some aspects of correlated-
electron systems, in recent times scientists have begun to tackle materials in
which these weakly-interacting electron approximations fail to adequately
describe their physical properties, materials in which the electrons can not
be assumed to be only weakly interactive. This is the domain of the so-called
strongly correlated electron systems!.

There are many high profile examples of materials which cannot be well
characterised by the conventional independent electron approaches. These
include the High Temperature Superconductors(2], conducting polymers[3],
various metal oxides[1], and the subjects of this study, the manganites (man-
ganese oxides)[1, 4] . Each of these different types of material manifest very
unusual physical properties: zero resistivity at temperatures much higher
than expected before 1986(5], doped plastics which are metallic, and colossal
magnetoresistance, to name a few examples.

Early work on the transition metal oxides appreciated the intriguing prop-
erties of the manganites in particular(7, 8, 9, 10, 11]. However, it wasn’t until
quite recently that research efforts were directed back to the field, the impetus
for which was the observation of colossal magnetoresistance in the manganite
crystals[12, 13, 14, 15]. The phenomenon of colossal magnetoresistance has
been hallowed as second only to superconductivity on the technology indus-
try wish-list[16]. The excitement generated in the scientific community by
materials which display such a huge electronic response to a magnetic field,
anticipates that the manganites could be used as sensors, with a particular
eye to such device applications as magnetic read heads. This colossal magne-
toresistance property is well illustrated by the features displayed in Fig. 1.1,
for one member, the layered manganite, La; Sr; gMnyO7. The resistivity in
a magnetic field strength of 0 Tesla, illustrated in panel (a) from Moritomo

and coworkers[6], first of all displays a sharp transition as the temperature

'Ref. [1] and references therein give a thorough review of this history.
2The citations are for selected review papers which are available for each material.




H=0T:
_g 0.1k ‘
a g : H=7 T
o i :
0.01F i
: !,

1.0 ———+— +————
. ; (b) .
0.8 | :' -

o
o
(= u c'
= 06| : S -
o .
o : %
Q'-': 0.4 | ? “ s
— L % ]
X
0.2 : N,
I ."'. La1Azsr1.sano7 '-f’:-.‘_ |
0.0 Logsismml Pl T S |

o~ 50 100 150 200 250 300

Temperature (K)

Figure 1.1: (a) ab plane resistivity of La; oSr; sMnyO7 in zero magnetic field
(triangles), and with H=7 Tesla applied parallel to the ab plane (circles),
from ref. [6] and (b) the absolute value of the magnetoresistance.

is decreased through 125K. It can also be seen in Fig. 1.1(a) that upon
the application of an external field, here 7 Tesla, the electrical resistivity of
the material decreases by a significant amount and across a broad tempera-

ture range. The (negative) magnetoresistance, or change in resistivity with

magnetic field is defined as

p(H) — p(H =0)
e (1.1)

where p is the resistivity and H the applied magnetic field. Calculating and
displaying this in Fig. 1.1(b), we observe that the greatest magnetoresis-

tance occurs near the insulator-metal transition temperature at 125K, with
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a value of -99.3%. The name colossal, to describe the astonishing magnitude
of the effect, is a nod to the fact that a magnetoresistance of this magnitude
has not even been observed in the so-called giant magnetoresistance materi-
als. These consist of magnetic multilayers and granular materials in which
the magnetoresistance reaches a maximum of the order of 80%[17]. Worth
remarking also is that the colossal magnetoresistance effect is observed in

single crystals, and must be thus intrinsic to the manganite structure.

Figure 1.2: Schematic diagram of the unit cell of the manganese oxide per-
ovskite, (RE/AE)MnOj;. The corner positions are occupied by the RE/AE
ions, at the centre is the manganese ion, and this is surrounded by an “oc-
tahedral cage” of oxygen ions.

That structure is pictured in Fig. 1.2 and Fig. 1.3. The manganites
belong to the Ruddlesden-Popper series with general formula
(RE/AE),+1Mn,, 02,41 (n=1,2,...00), where RE is a rare earth ion, AE an
alkaline earth ion and where n denotes the number of stacked MnOg oc-
tahedral layers. The MnOg octahedron is the basic building block of the
different members of the Ruddlesden-Popper series, and it is pictured in its
undistorted form in Fig. 1.2. In this diagram, the manganese ion sits in the
middle of an octahedron of 6 oxygen ions, which is positioned in a cube, the
corners of which comprise the rare earth or alkaline earth ions.




The MnOg building block constructs different manganite compounds as
displayed in Fig. 1.3. The n = co series on the far right of the diagram are
the pseudo-cubic manganites with perovskite structure, and were the first to
receive experimental attention[7]. The n=1,2 layered materials have more
recently come in for exploration[6]. This study comprises samples from the
n=2 and n=o0 groups. As can be seen from the diagram the crystal structure
of the n=2 family is uniaxially anisotropic, resulting in highly anisotropic DC
resistivities (see Fig. 5.1 of Chapter 5).

Figure 1.3: Stucture of the Ruddlesden-Popper series of manganites for n =
1, n =2 and n = oo from ref. [6].

The colossal magnetoresistance effect is not the only signature of strongly
interacting electrons in the manganites. Other evidence comes in the form
of the magnetic phase diagrams of the manganites, two of which have been
included to motivate the samples studied in this work. The first can be seen
in Fig. 1.4 for La;_,Ca,MnOs, one of the isotropic n = oo materials. The
acronyms in the figure are translated in its legend?.

It can be seen that at room temperature, or 300K, the material is a
paramagnetic insulator regardless of the hole substitution level, z. When the

temperature is decreased, the unsubstituted material undergoes a transition

3To remind, Ty and T, are respectively the Néel temperature, at which antiferromag-
netic order sets in, and the Curie temperature, at which ferromagnetic order sets in.
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Figure 1.4: Magnetic phase diagram of La;_,Ca,MnQOj3 for z=0.0-1.0 from
ref. [18]. The circle, square and diamond markers refer to whether the mag-
netic (T, T,) or resistive (p.) transitions, respectively, were used to define
the transition temperature. The acronyms for the different phases are as fol-
lows: FM, ferromagnetic, AFM, antiferromagnetic, and PM, paramagnetic.

to a ferromagnetic insulator. As calcium (Ca) is substituted onto the rare
earth site, the material at low temperature undergoes a number of electronic
and magnetic transitions, becoming metallic for 0.19 < =z < 0.5, and an
insulating antiferromagnet for z > 0.5.

As the structure of the manganite grows more complicated, now consider-
ing the anisotropic n=2 material, the phase diagram also grows in complexity
as seen in Fig. 1.5 for Lag_2,51142,MnyO7. The acronyms in the Figure are
again translated in the legend.

Like La;_;Ca;MnOs3, the material at room temperature is a paramag-
netic insulator regardless of substitution level. However, there is, at 300K,
a structural change from tetragonal to orthorhombic with the crossing from
z < 0.74 to z > 0.75. The low temperature ground state of x = 0.3 is seen
to be an antiferromagnetic metal. As the substitution level z is varied the

ground state (7=0) properties vary across an enormous range of different
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Figure 1.5: Magnetic phase diagram of Lay_5,/Sr;42,Mny,O;7 for 2=0.3-1
from ref. [19]. The various acronyms translate as follows: FM ferromagnetic
metal, AFI, antiferromagnetic insulator, CAF canted antiferromagnetic, CO
charge ordered state, and PM, paramagnetic.

magnetic orderings (the details of the exact types of AF order are not im-
portant here), passing through metal-insulator transitions in the region of
0.3 < z < 0.48. The phase diagrams are very rich for all manganite com-
pounds. That such a wide range of physical properties can be ‘dialed up’
by varying only one or two parameters in a compound, for example tem-
perature, substitute ion and substitution level, lends this field wide ranging
opportunities for the study of electronic correlations.

The key to understanding the diverse behaviour observed in the magnetic
phase diagrams, and the explanation of the colossal magnetoresistance be-
haviour, lies in acquiring a better understanding of the interplay of electron

charge, spin, orbital and structural characteristics driving these processes.
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We now discuss the electron dynamics in these materials.
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Figure 1.6: Energy level diagram of the crystal field splitting of the d orbitals,
from ref. [4].

The splitting of the degenerate 5 d orbitals is illustrated in the energy level
diagram of Fig. 1.6. For the RE,1Mn,, 03,1, or unsubstituted material, the
Mn?3* ions have 4 outer shell (d) electrons. The first perturbation is that of
the crystal field provided by the six surrounding O%~ ions. This splits the five
degenerate orbitals into a triply degenerate t,, state and a doubly degenerate
e, state. Provided the thermal energy of the system is not too great, three of
the electrons obey the Pauli exclusion principle and Hunds rules, lining up
with identical spins on ty, sites for a total of S=3/2. The fourth electron takes
the e, state. Because it is strongly coupled to the core spins (3 t3,), a fact
that plays a significant role in the conduction properties of the manganites,
it aligns itself with the spin of the t5, electrons for a total spin of S=2. The
energy of the system is lowered further by a Jahn-Teller distortion of the
lattice, illustrated by the deformation of the MnOg octahedron in Fig. 1.6.
This renders the 322 —r? orbital configuration of the e, electron energetically
favourable, while the 2> — 32 orbital state sits at an energy A ;r above this.
Note that the orbital degeneracy is also split in the ¢y, levels.

The orbital shapes are illustrated in Fig. 1.7, which shows the 3 t,, levels,
with zy, yz, xz symmetry and the two e, levels with 322 — 7?2 or z? — y?

symmetry. We can see in an eye-balling way, by comparing the distorted
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Figure 1.7: Schematic diagram of the Mn d level orbitals from ref. [20]. For
Mn?** there are 3 ty, electrons in zy, yz, xz orbitals, with the fourth electron
occupying one of the two possible 32% — 72 or 22 — y? orbital states.

octahedron of Fig. 1.6 with the two e, orbital shapes, that the elongated
322 — r? orbital would have less coulombic repulsion, and thus indeed be the

energetically favourable state for the fourth electron.

The above discussion is for an unsubstituted manganite. If we now intro-
duce holes into the material by replacing RE** ions with AE?" ions in the
parent compound, the physics gets more interesting. In the first instance, the
substitution of a foreign ion with a different ionic radius produces internal
pressure and changes to the structure. As we have just remarked, changes in
structure can lead to changes in electron orbital configurations, and therefore
shifts in the energy level diagrams. Also, the holes introduce intermediary
sites via which the itinerant electrons, that is, those in the e, states, can hop
from site to site. This process can be switched on or off by the degree of

magnetic order in the system. If the core spins between neighbouring Mn?**
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and Mn*" ions either side of an O?~ are aligned, the electron on the Mn**t
site may hop to the intermediate O?~ ion, which simultaneously passes one
of its electrons to the Mn** site. This is the Double-Exchange process[7, 8].
In the paramagnetic state this conduction process is blocked. This is because
the energy required for the e, electron to hop to a vacant site where the core
spins are aligned antiparallel to it is prohibitive. Double exchange explains
why metallic behaviour accompanies the onset of ferromagnetic order, as seen
in the phase diagrams of Fig. 1.4 and Fig. 1.5.

At low hole concentrations (see Fig. 1.4 and Fig. 1.5), the density of
open sites is not great enough for long range hopping and so the material
remains insulating, even when all the spins are ferromagnetically aligned at
low temperature. Further, at =0.5 the manganites exhibit a tendency to
order so that Mn3* and Mn** sites alternate. In this scenario a sharp decrease
in the long-range hopping conduction is observed. This is the phenomenon
of charge order.

This brief introduction to the characteristics of the manganites has al-
lowed us to survey the important degrees of freedom at the electronic level of
the manganites. We see firstly the importance of the electron-lattice interac-
tion in determining the energies of the system. Secondly, we have considered
the driver of electron-electron interactions. These manifest themselves in the
Hunds rule coupling and in the orbital cloud interactions. The real progress
toward pinpointing behaviours in the colossal magnetoresistance mangan-
ites will be in isolating the important energies in the systems. This may be
achieved by measuring the energy-dependent (optical) conductivity of the
materials. When light is incident on a surface the material interacts with
the radiation in a way that betrays these electronic and molecular charac-
teristics. The percentage of light reflected from a surface as a function of
frequency yields information on the dielectric constant or response function
of that material. The way in which a material responds to incident light de-
pends on the electronic interaction. The optical conductivity measurements
therefore may well be the key to unravelling the different electronic and lat-
tice contributions to the colossal negative magnetoresistance observed in the
manganites. In the next section we background some of the progress that
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has been made already in this area, the uncharted areas of the field and how

this project contributes to the mapping of the manganites.

1.1 Conductivity of manganites.

4500
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=
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1500}
Intraband +
polaron
Phonons e GG
0 -_L“..'._.-‘“. oldt ._“_.r.._.-' .
100 1000 10000 100000

Wavenumber (cm")

Figure 1.8: o)(w) for a typical manganite in both of its insulating (dotted
line) and metallic (solid line) phases. The text portions in the figure, in
the energy regions where they appear, are a guide to the types of transition
taking place there.

Although their properties are diverse, the manganites display many com-
mon features in spectra of oy (w), or the real part of the optical conductivity.
Displayed in Fig. 1.8 are two spectra representing the states that exhibit
the most contrast in conductivity measurements; the metallic (solid line)
and insulating (dotted line) phases?. We describe now the transitions that

4Although even the distinctions between metals and insulators are blurred by these
complex materials, for the purposes of this thesis we ‘define’ an insulator to have p(T) = oo
as T'— 0. We describe a material which has p(T) decreasing with temperature, as being
metallic.
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contribute to the different energy regions.

Starting from the low energy end, we observe in both the metallic and
insulating phases, three distinct peaks corresponding to lattice vibrations or
phonons. The exact vibrations contributing to each of these energies is dis-
played in Fig. 1.9. As proposed by Kim and coworkers[22], the vibration with

external mode bending mode stretching mode

Figure 1.9: Proposed vibrations of the MnOg octahedral cage that contribute
to the observed infrared active absorptions, reproduced from ref. [21].

the greatest effective mass, that of the rare or alkaline earth ions against the
octahedral cage, is responsible for the lowest energy phonon. The “bending”
phonon is the next highest in energy, and is contributed to by the bending of
the O-Mn-O articulated bond in the octahedron. The highest energy mode
is caused by the stretching vibration of the Mn-O bonds. However, as read-
ily appreciated from the diagram in Fig. 1.9, none of these IR vibrations is
independent of the others. The “stretching” mode for instance, also involves
a bending of the O-Mn-O bond. Because of this it is very difficult to assign
IR phonon excitations independently.

At high energy now, the temperature-independent interband transition
between 60000 cm~! and 80000 cm~! has been assigned to the rare earth
or alkaline earth d electron transitions, and the highest energy peak to Mn
45/4p transitions[23, 24].

Now we turn to the less well-characterised transitions. In the metallic
phase, a “free” carrier response (as will be detailed in the next chapter) of

coherently moving charges results in the broad feature which peaks at zero
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frequency, depicted by the solid line of Fig. 1.8. This is a feature which, when
modelled by the conventional metallic, or Drude, model, gives inconsistencies
with the expected Double Exchange behaviour[25, 26]. Moving along, the
energy region between 1000 cm™' and 20000 cm™! is poorly modelled by
Just one electron transition, a fitting which constitutes a first approach to
understanding the energy region. For example, a study which initially treated
this band as due to an e, — ¢, transition between Jahn Teller split levels on
a Mn** atom([23, 27], was revised to include the e, — e, transition from a
Mn** to a Mn** site[28]. Moreover, there are almost as many interpretations
as to the origin of this peak as there are studies. For instance, it is also held
that this band is due to an e, — e, transition between Mn** atoms[29], to
small polarons[30], to transitions related to Jahn-Teller clusters[31] and to
a combination of small polaron and unnamed transition[32]. Many studies
simply err on the side of caution, and discuss the peak with no attempt at
assignment[26, 33]. Obviously there is much work to be done in resolving
this debate. Lastly, some controversy exists as to the origin of the 2~ 300 000
cm™! band also, and whether this constitutes a transition from the oxygen
ion involving the #,,[24, 25, 34] or e, electron[23, 29, 32].

To address the discrepancies between the data and simple models of it,
electron-lattice or polaron interactions are usually brought to bear. One of
the longstanding issues in this area however, is how appropriate are the differ-
ent models of the polaron behaviour to conductivity data? Is there another
adequate description for the de-enhancement of the free carrier conductivity,
localisation due to disorder for instance? Is a more circumspect approach to
modelling appropriate, given the dearth of complete and even reliable o, (w)

spectra for some members of the manganite family?

The purpose of this thesis, then, was to measure the optical conductivity
of various samples of manganite in the energy region of contention, and to
compare these spectra against existing models for manganite behaviour. Two
methods were used to measure optical constants, ellipsometry and normal in-
cidence reflectivity, both of which enable measurements in the infrared region.
Ellipsometry measures real and imaginary parts of the dielectric constant, en-

abling us to examine and analyse the absorptive features in the spectra. Far
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[ Sample | z || Tay | T, | Tn | T = 10K properties ]
La;_,Ca,MnO3 | 0.1 - 140K - FM Insulator
0.265 || 206 K | 205 K - FM Metal
Lag_9,511 42, Mny07
ab plane | 04 | 125K | 125K - FM Metal
c-axis - 125K - FM Insulator
Pry_2451142,Mny 07
ab plane | 0.5 - - 130K AFM Insulator
c-axis - - - PM Insulator

Table 1.1: Magnetic and electronic phase transitions of each sample mea-
sured, where Ty denotes the insulator-metal transition temperature, T,, the
Curie temperature, below which the material becomes ferromagnetic (FM),
and Ty, the Néel temperature, below which the material orders antiferro-
magnetically (AFM).

infrared ellipsometry in particular, is a recently developed technique[35], and
as such has not been used to measure the properties of manganites prior to
this study. Normal incidence reflection requires the measurement of the re-
flection intensity at a large range of energies, in order to extract the real and
imaginary parts of the dielectric constant. Careful measurement and analysis
of the data has been performed for four different manganite single crystals.
Single crystals are indispensable for optical measurements, as spectral fea-
tures in polycrystalline material can be broadened artificially by crystalline
disorder in the sample.

Table 1.1 shows a summary of the materials that were studied in this
thesis, along with the temperatures at which phase transitions occur in the
samples measured. A variety of materials are represented, and in turn their
properties are diverse. They, in fact, encompass many of the different phases
observed in the manganites, from paramagnetic insulator to ferromagnetic

metal to antiferromagnetic insulator.

This study presents measurements of the optical conductivity of a high
photometric accuracy, for each of the four samples described in table 1.1. The
results have been discussed against a backdrop of polaron and localisation

theories which are applied to the manganites, and comments are made herein
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as to the applicability of these models.
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Chapter 2

Background Theory.

This chapter aims to set the scene for the theory that underpins the exper-
imental measurement of a material’s response to optical stimuli. Maxwell’s
equations will serve as the starting point for discussion of how the electric
field, a detectable quantity, behaves at an interface. The second section will
deal with how the polarisation changes in light that is obliquely incident on
a material surface are used to find the dielectric constant in the technique
of ellipsometry. The next section will discuss the different approach neces-
sary in the use of normal incidence reflectivity to find the dielectric constant.
Lastly, oscillator models will be discussed, which give us the interpretive
framework within which to characterise results of our measurement of the

dielectric constants.

2.1 Light and its interaction with a medium.

2.1.1 Maxwell’s equations.

In an isotropic, energy absorbing medium with no net charge or current

density, Maxwell’s equations read

V-E=0 (2.1)
wOH

= 2

VxE - (2.2)

V-H=0 (2.3)

17
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eE 4no
VxH-= —C-W+TE, (24)

where € is the dielectric constant, x the magnetic permeability and o the
conductivity of the medium the light is propagating through.

The wave equation for the electric field, deduced by using equations 2.2
and 2.4, a vector identity and equation 2.1 is

euwE | dmop OE

VE=——0 , 2.5
¢ Ot? " cz Ot (2:5)
which has a solution of the form
E(r,t) = Ege@R-t), (2.6)
where ¢ is the wavevector
2
o W Aro

We define a complex refractive index n = n + ik, where n is known as
the refractive index and k the extinction coefficient, and let § = (w/c)n.
With this definition and equation 2.7, we get that ¢ = (n? — k?)/u and
dmo /w = 2nk/p, where o is taken as the real part of the conductivity. We
take the magnetic permeability to be y = 1. Defining a complex dielectric

2 we gain the expressions ¢, = n? — k2 and

function as € = € +ie; = 1
€2 = 2nk. Equipped with these descriptions, we may now more closely
examine light and its interaction with a medium, and how we may extract

the dielectric constant of the medium using light as our probe.

2.1.2 Behaviour of E at an interface.

Let us now consider the behaviour of a light wave at the boundary between
two media with different dielectric constants. Let us give the wave an elec-
tric field E(r,t) = Ege@™*9 and corresponding magnetic field H(r,t) =
Hpel@=%% and consider the beam having an incident angle of 8 to the
boundary surface normal. The wave is incident from a medium with refrac-
tive index np, and is reflected from a medium with refractive index 7. In this

project our boundary materials are always air and the sample in question, so
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we need only consider the case where the medium of incidence has ng = 1,
the refractive index of a vacuum. In order to apply boundary conditions at
the interfacial surface, we consider the components of light with electric field
parallel and perpendicular to the plane of incidence separately. These are
labelled Ej and E, respectively . We choose subscripts r and ¢ to denote
the reflected and transmitted components of the electric and magnetic fields,
and describe the incident components by omitting the subscript altogether.

Components of the electric and magnetic fields orthogonal to the incident
plane must be continuous across the interfacial surface, so (recalling the phase
change upon reflection of orthogonally polarised fields) this immediately gives
us the boundary conditions

E,+E,,=Ey, (2.8)

and
H,+Hy, =Hyy, (2.9)

which can be rewritten in terms of E as
Ej + Ej, = nEj. (2.10)

The expressions for the electric and magnetic field components parallel
to the incident plane are

Ej cos§ — Ejj, cos ) = Ej; cos 0 (2.11)

and
Hycos — H, cos ) = H; cos by, (2.12)

which can be rewritten as
E cosf — E | ,cosf =nE ;cosb;. (2.13)

Substituting equation 2.10 into 2.11, and 2.8 into 2.13 to eliminate the
transmitted electric field component E;, then taking the ratio of reflected to
incident electric field components and substituting the Snell relation

cos? 0, = 1 — sin? f/n?, gives
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5 E,  n?cosf — VA% —sin?0

— = 2.14
" By f%cosf+ VA2 —sin’f (2.14)
5 _Eh_cosg—\/ﬁz—singﬁ (2.15)
* EL cosf+ViZ—sinZf '
The ratio of the Fresnel coefficients, p, is then defined as
p=2 = tanged, (2.16)
Ts

where A appears as part of a complex phase shift in relation to 1, which
defines the magnitude of the reflectivity. Expressions 2.14 and 2.15 are known
as the Fresnel equations and serve as the foundational relationships for all

reflectivity probes of the refractive index.

2.2 Ellipsometric measurement of é(w).

This section extends our description of light propagation to the optical setup

used in the ellipsometry measurement, using refs [36, 37].

2.2.1 Light polarisation description

Light is described by plane waves, the electric field vector of which can thus

be written in terms of its Cartesian components

E = Egexp[i(k.r — wt)] =

E,
E, |. (2.17)
E,

The dielectric tensor of a material is defined by

D, €z €zy €oz E,
Dy |=e| €z €y € E, |, (2.18)
Dz €z €Ezy €z Ez

which, as well as being a diagonalisable matrix (resulting in a tensor for which
only the leading diagonals are non zero), has that for an isotropic medium,

€i; = €, so the dielectric tensor collapses to a scalar quantity ¢, giving

D = ¢¢E. (2.19)
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The z-axis is chosen as the direction of propagation of the light, so that

the electric field vector in 2.17 can be written as

E,; Eq, expli(kz — wt)]
E, | = | Eoyexpli(kz —wt)] |. (2.20)
E, 0

Being concerned, as we are in ellipsometry, with polarisation shifts, we
now define a Jones electric field vector for polarisation from the above ex-

pression as
E = * 2.21
jones Ey ) ( " )

omitting the exponential variation of the plane wave which is not polarisation
dependent.

For an arbitrary linearly polarised light wave, the electric field vector
oscillates along a certain direction in the wavefront inclined to the z axis by

an azimuthal angle ¢, and may be described by

jones __ 1, COS¢ 299

We now define Jones matrices, J7°"¢* which describe the effect of optical
elements in the experimental setup, pictured in Fig. 2.1, on the polarisation
of a light wave. We may then investigate the effect of the optical system as
a whole on an input plane wave according to the expression

jones __ yjonesynjones
Eout =J Ein

(2.23)

)

each of the elements having a particular response function described by J7o7¢s
!, The Jones transformation matrices for the different optical elements are
now described.

The dielectric material of the ideal polariser is 100% transmitting for light
polarised along its major axis, and 0% transmitting for light polarised along
its minor axis. This is reflected in the matrix below. For simplicity, our

description assumes that both the polariser and the analyser are made of

!Note that Jones formalism requires a well defined polarisation state. This is generally
not so for a light source, so the Jones formalism only applies once the beam has passed
through the polariser.
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Figure 2.1: Brief schematic of the essential components in the rotating anal-
yser ellipsometry setup. Each of the three optical elements pictured, that
is, the polarisers A and P and the sample, have a characteristic polarisation
response function to the light passing through the system. These response
functions, or Jones matrices, may be multiplied to give the total effect of the
optical system on the light from the lamp, thereby availing us of a descrip-
tion of the detected light as a function of the optical elements in the system.
Diagram courtesy of ref. [36].

ideal polarising material. The inclusion of v,, denoting a small ellipticity of
the polariser material, introduces cross terms of the electric field. The Jones

matrix of the polariser is given by

1 -y 10
Jp—ellipticity = ( 7"')’p 0 » ) = < 0 0 ) . (224)

An ideal polariser with 7,=0 has been taken as an approximation for the
present results. Upon rotation, the polariser attenuates the electric field

components of a non-polarised light beam according to

cosP —sinP ) , (2.25)

J o = .
folarisey sinP cosP

where P denotes the angle the polariser film has rotated through from its
major axis of transmission.

The Jones matrix for the sample is

0
Jsample = ( 7(';; ) ) (226)

T's
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adopting the convention that E, (E,) is the field component in (out of) the
plane of incidence. Note that Eyy; = JsampieEin gives the expected relations
of rp=Ey/Ejand r; = E,/E,.

In like fashion to the polariser film, we have for the analyser that

cosA sinA )
’

Janalyser = ( —sinA cosA (227)

where A denotes the angle the analyser polarising film has rotated through
from its major axis of transmission.

Lastly, the Jones matrix for the analyser film transmission is

1 —iy, 10
Ja—elliptz'city = ( 'i'Ya 0 ) = ( 0 0 ) 5 (228)

where ~, denotes a small ellipticity of the polariser material in the analyser.
Again, an ideal polariser has been taken as an approximation for the present
results so that v,=0.

The effect of any optical configuration on a plane wave passing through
it may be described by a product of Jones matrices, and the Jones matrices
introduced here are the only descriptive components required for the rotating

analyser ellipsometer discussed in the next section.

2.2.2 Rotating analyser ellipsometer

The electric field output to the detector of the rotating analyser ellipsometer
is described by the following expression using the elements described in the

previous section;

Edet = Jp—ellipticityqularise'rJsanzpleJanalyser Ja—ellipticityEin
- 10 cosA sinA rp, 0
a 00 —sinAd cosA 0 rg
cos P —sin P 1 0
% ( sinP cosP ) ( 0 0 )EO (2:28)
= (rpcos Pcos A+ rysin PsinA 0) ( gx ) 3 (2.30)
Yy

substituting in the vector relationship for Ey. From this expression we find

the intensity of light at the detector by recalling that I o< |Ege|®, and thus
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get
Lger x 1+ a(p, P) cos(2A4) + B(p, P) sin(2A4), (2.31)

where A is made to vary during the experiment and «(p, P) and 3(p, P) are

the Fourier coefficients

_ |p]*cos? P —sin®* P

D = .32
a(p,P) |~|2C 52 P 4 si 2P (23)
and (~) . (2 )
= Re p£) sin ) %
B p P ==ie . . 3
( , ) |ﬁ‘2 cosQP+sin2P (2 3 )

Recalling that p = tanye'® = Tp/Ts, We can extract ¥ and A from the
above expressions.

A measurement of the intensity variation with A yields a sinusoidal curve
(refer to the bottom panel of Fig. 3.6) which can be fitted to equation 2.31.
This enables the fourier coefficients «, 3, and thus 1) and A to be extracted
via a Fourier transform. Once these have been found, the complex reflectance
ratio can be calculated using equation 2.16, and the dielectric constant found
using

w2 .2 2 [1 - P} ’
€ =sin“f +sin“ftan“0 | ——| (2.34)
I1+p

where 6 is the angle of incidence of the light beam. There are two things
to note in particular about this formalism. Firstly, the dielectric constant is
directly calculable from the equations outlined above. Secondly, the fourier
coefficients o and (8 are directly obtained from equation 2.31, and their de-
termination is independent of the intensity of the beam. As well as this
technique being, in principle, insensitive to fluctuations in the input beam,
it importantly does not require the determination of the absolute reflectivity
of a sample.

2.2.3 Reduction of ellipsometric constants.

The expressions outlined above are derived upon the assumption that the
light is incident on an isotropic medium, that is, one in which the dielectric
constant is independent of the crystal direction and € = €;; = €, = €.,
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as seen in equation 2.19. For the n=2 Ruddlesden-Popper series of crys-
tals, to which the ellipsometry measurements in this project are devoted,
the lattice is uniaxially anisotropic (the a and b axes are regarded as inter-
changeable, but the c-axis differs from them both), and the assumption of
isotropy becomes problematic. In the instance of calculating the dielectric
constant of an anisotropic material from its reflection intensity, if using the
above formalism for isotropic materials, the result is the so-called pseudo-
dielectic function[37]. When referring to the measurement from the ab (ca)
plane we will term the pseudo-dielectric function as the ab-c (c-ab) response.
This conveys the fact that the c-axis (ab plane) response is not yet decoupled
from that of the face measured. If the mixing between ab and c responses is
significant, the ab-c (c-ab) pseudo-dielectric function will be a poor approxi-
mation to the dielectric function for the ab plane (c-axis)?. The approach to
disentangling the ab and ¢ dielectric responses is to reduce the ellipsometric
constants assuming isotropy, and then to fit for an anisotropic correction.

This anistropic fitting correction is done according to the following[37, 39].

We again assume that the light is incident at an angle @ from an isotropic
medium, with dielectric constant 7p=1, onto a uniaxially anisotropic crystal.
Assuming there is no anisotropy in the ab plane, we choose | (\/%—yy)
and 7 (y/€;;) to denote the principal components of the refractive index,
ny referring to the in-plane (ab) component, and 7, referring to the out of
plane (c) component. As illustrated in Fig. 2.2, we consider two different
orientations of the c-axis with respect to the sample surface and plane of
incidence, corresponding to the two different sample orientations used in the
experiments here. Firstly, with the c-axis perpendicular to the surface and
using the boundary conditions and a similar analysis to that used in section
2.1.2, we obtain the following relations for the reflection coefficients of s and

2ab coupling to c-axis longitudinal optic phonons has even reportedly been observed,
and is seen as a “notch”-like feature in a normal incidence reflectance measurement of high
T, superconductors[38].
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Figure 2.2: Schematic diagram showing the geometry of the ab plane and
c-axis ellipsometry measurements with respect to the uniaxially anisotropic
sample.

p polarised light: 3

~ ~ ..2 . 2
L ny 7y cost — ,/n” — sin“ @ (2.35)
d i 7y cos O + /i —sin? 6

cosf — /n? — sin? 6
L= I . (2.36)
cos @ + ,/ﬁﬁ — sin’#

We have chosen here to use the superscript L on 7, and r, to refer to the

r

particular orientation of the c-axis considered here, that is, perpendicular to
the sample-air interfacial plane.
Now, if the c-axis is oriented parallel to the sample surface, and also lies

in the plane of incident light, the analysis from section 2.1.2 yields

g

f Ay cos@ — /A% — sin® 0
_ I L (2.37)

fi 7y cos B + 1/n3 — sin® @

¥Note that the cross polarised components of the reflected light 7,5 = 75, = 0.
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cos ) — /A2 — sin? 9, (2.38)
cosf + /A2 —sin®0

where the superscript || has been chosen to denote the present situation of the

N =
Ty =

c-axis at the intersection of the sample surface and the incident plane. We
omit the case of the c-axis parallel to the sample surface yet perpendicular
to the plane of incidence, as samples were not measured in this geometry
here. The interested reader is referred to Aspnes and coworkers[40] for more
detail.

Using equations 2.35 and 2.36 we find that the reflection coefficient for
the orientation whereby the c-axis is perpendicular to the reflecting surface

(7Y cos € — \/7iff — sin? 6)(cos 6 + ik sin? 0) (2.39)
(Lo iy cos 6 + /7if — sin®§)(cos 6 — y/7if —sin%6) .
Likewise, using equations 2.37 and 2.38 gives
= (fuy iy cos @ — /Ri3 — sin®0)(cos @ + /A — sin®6) (2.40)
(7 7y cos @ + /A2 — sin?0)(cos O — /A2 — sin® )

for the c-axis at the intersection of the incident and sample surface planes.

18

In order to extract 7y and 7., the principal components of the dielec-
tric tensor, a MATLAB computer programme written by Andrzej Golnik,
fits measured data pll and p* to equations 2.39 and 2.40. Comparisons be-
tween ab-c (c-ab) and ab (c) dielectric functions, and uncertainties due to the
reduction of the pseudo-dielectric constants, will be discussed in Appendix
A,

2.2.4 Deduction of c-axis conductivity with ab plane
measurements.

We noted, in the previous section, that the dielectric function of a particu-
lar axis of an anisotropic material, can be quite different from the pseudo-
dielectric function measured for the sample in that orientation. The differ-
ences are so marked for the present samples studied, in fact, that they can

be seen immediately, by observation of the ab-c pseudo-dielectric functions
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for PrSroMn,O7 and Lay Sty §Mn,O7 displayed in appendix A. Fig. 2.3 dis-
plays light rays in the normal incidence probe (to be discussed in the next
section) and the ellipsometry measurement on the ab plane. It can be seen
that the transverse component of the electric field, Er, probes the sample at
a different angle for each experiment. Due to E7 being near parallel to the c-
axis, the reflected beam in the oblique incidence probe contains a significant
c-axis response. In the particular case of our ellipsometry measurements, in
the geometry whereby the c-axis is perpendicular to the surface, an eyeball
comparison between the ab-¢ pseudo-dielectric function, or p*, and the ab
plane normal incidence reflectance measurements, show differences in certain
spectral regions that must be ascribed to c-axis excitation of the probing
field.

It was suggested, by H. J. Trodahl, that we may exploit the discrepancy
and deduce the c-axis dielectric constant, or n, , from ab-c plane ellipsometry
(or p*) and ab plane normal incidence reflectivity measurements. This, of
course, relies on there being some out of plane component interacting with the
electric field vector in the oblique incidence ellipsometry measurement. We
perform the calculations and demonstrate here that, in theory, not only is the
deduction of c-axis optical constants from ab plane measurements possible,
but that the process is even relatively straightforward.

We make the assumption that the normal incidence infrared reflectivity
method, with appropriate extrapolations, gives the ab plane dielectric con-
stant, or n, exclusively.

We can rearrange equation 2.39 so that the refractive index, n, of the
c-axis of the material is expressed in terms of n) by

H
O (2.41)

/A2 —sin?2g  mycosf(C — pt)

where the quantity /V; is a label chosen for the middle part of equation 2.41

cos @ + (/2 — sin” 6
C= I . (2.42)
cosf — ,/ﬁﬁ —sin%6

The complex frequency-dependent constant N; may be directly calculated

and
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Figure 2.3: Schematic of the normal and oblique incidence measurements on
the sample surface.

given that, in this experiment, 6, 7, and p* are known. @ is the angle of
incidence used in the ellipsometry experiment, 7 is the dielectric constant
for the ab plane, deduced by Kramers-Kronig transform of the measured
normal incidence reflectance (which will be introduced in section 2.3), and p*
is the reflection coefficient measured from the ab plane by oblique incidence

ellipsometry.

n, is then found most exeditiously by minimising @ in the function

a=-——1t N, (2.43)

n3 —sin® 6
at each frequency. This is attempted using a MATLAB routine for the two

steps of calculation and minimisation.

In practice there are large errors associated with this method if the c-axis
dielectric response does not greatly interfere with the ellipsometric reflection
coefficient p~. We present details of the attempted reduction in section 4.4.
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2.3 Normal Incidence reflectance measurement
of é(w)

In the previous section, expressions were given for the reflectivity of the p
and s polarisations of light incident on a material at a given angle 6. For
normally incident light, #=0, Fresnel’s equations collapse to
Tyl = a2
S

= (2.44)

The reflectance, R = 77* of a surface is thus (recalling that 7 = n + ik)

(n—1)% + k2

B=torrre

(2.45)

2

Using €; = n? — k? and e, = 2nk the reflectance can be found in terms of

€; and €y, which are related to n and k£ by the following relations:

5 = {%[\/ef + &+ e} (2.46)

k= {%[,/é Fé—al}2 (2.47)

2.3.1 Deduction of é(w) from R(w).

and

We would like to find n and k using our measured normal incidence reflectance
R, however it is impossible to uniquely determine 7 from equation 2.45. It
is possible however to extract the real and imaginary components of the
dielectric constant of a material by using dispersion relations. These relate a
dispersive process to an absorptive process, for instance n — k, and are also
used to derive sum rules. Dispersion relations follow from the principle of
causality, a system cannot respond to an optical stimulus before that stimulus
has interacted with the material.

Fig. 2.4 illustrates the relationship between causality and dispersion re-
lations. Consider an input (A) which is made up many different fourier com-
ponents, of which (B) is one, all combining to destructively interfere before

the arrival of that light, that is for t<0. Now if a material interacting with
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Figure 2.4: Schematic representation of the connection between causality and
the dispersion relations. Diagram reproduced from Toll[42].

the input for t>0, were to absorb just the frequency of the (B) component
of the input wave packet, then we would have (A-B), the signal represented
by the bottom figure of fig. 2.4. However, this signal has a -B component in
the t<0 region, implying the input wave interacted with the material before
it even arrived, in contradiction with causality. In order to account for this
then, there must be an accompanying phase shift of the other frequencies of
the input upon absorption of a particular component.

We now set about an illustration of the origin of the dispersion relations

for the complex reflectivity, which is given by
F(w) = plw)e™™, (2.48)

where p(w) is the reflectivity amplitude and #(w) is the phase shift.
Equation 2.48 is now written in the more convenient form, separating out

the real and imaginary parts,
In7 = Inp(w) + if(w). (2.49)

The time-dependent variable 7(t) is taken to introduce the causality con-

dition to our analysis. It and its frequency-dependent counterpart are related
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by the Fourier transform,

InF{w) = / ” InF(t)etdt. (2.50)

—o0

Then allowing the frequency to be complex, that is, © = w; + iws gives

InF(@) = / " InF(t)e et dt, (2.51)
—0
The e™“'! term is bounded for all frequencies, but the integral diverges by
virtue of the second exponential, for wy < 0. Now In7(@) is only defined for
t > 0, due to causality. The integral, thus, must be worked in the upper half
frequency plane only, where wy > 0.

Two important conditions that must be met for this and the following
analysis are dicussed in Appendix G of Wootten[43]. Firstly, it is estab-
lished there that the contribution to the integral becomes vanishingly small
as the frequency — oco. This ensures that the integral is non-diverging and
demonstrates that our measured quantities, In p(w) and (w), are causal and
therefore linked by dispersion relations. Secondly, In7(©) is shown to not
have any poles. It is important to establish that there are no singularities in
the response function, as mathematically these imply that an effect is seen
in the absence of a stimulus.

Having established that the assumptions above are met, Cauchy’s theo-
rem can be applied to the complex reflectivity, 7, as follows:

Il = —p / C RO g (2.52)

Tl Jocow —w

where o denotes the principal value, and w’ and w are the integration and
the ranging frequencies respectively. The real and imaginary parts of 2.52

lead respectively to the dispersion expressions

In p(w) = lpfoo ACH) dw' (2.53)

T Jeoow —w

and
Ow) = ——p / ©Inpw) (2.54)

T Jeoo W —w

relating p(w) and 6(w).
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Now, imposing the conditions that 7(¢) = 7 * (t) and 7(—w) = 7 * (w), we
may restrict the integral to positive values of w', thereby giving
2 o ] ]
O(w) = ——Ep/ (—Bp(L)zdw'. (2.55)
0

T w)?—w

This is known as the Kramers Kronig dispersion relation for §(w). Having
measured p(w) at a large range of frequencies, and made appropriate extrap-
olations to 0 and oo, it is possible to determine the phase, and thus #(w),

from equation 2.48, by using the above expression.

2.3.2 Sum rules

The Kramers-Kronig dispersion relations for €, by a similar analysis to that

in the previous subsection, are

2 [ Wey(w)
= == Seadie xcl B P 2
e(w) — 1 Wp/o o = (2.56)
and . )1
w Ve (w') — ’
= ——y ——=——dw'. 2.57
€2(w) - ga/o W) _wzdw (2.57)

This enables the extraction of sum rules using these dispersion relations.
Without justification (see Wootten[43] for further detail) the sum rule expres-
sion for finding the effective number of charge carriers from the integrated

conductivity of a material is

2mV  we
Negs(w) = = /0 o1 (') do, (2.58)

where V' is the volume of a unit cell, m and e are the carrier mass and charge
respectively and NV is the number of (in this case) Mn atoms in that unit cell

which contribute as carrier host sites.

2.3.3 Reflectance extrapolations.

The reflectance is measured over a finite wavelength range but, in order to ex-
tract the real and imaginary parts of the dielectric constant, one requires that

the reflectance be known for all energies, as described in the previous section.
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Because it is not possible to measure the reflectivity at all frequencies, we
must use appropriate extrapolations in the regions beyond our data. This
section will discuss what constitutes an appropriate extrapolation. Although
not immediately apparent from the Kramers-Kronig relations in equations
2.56 and 2.57, abrupt changes in the reflectivity data can affect the trans-
form output in spectral regions far removed from the changes in R(w). It is
crucial that extrapolations at the data extremes are chosen wisely, as they
have the potential to significantly affect the transform well within the re-
gions of data itself. The effect of varying extrapolations should be closely
monitored for a guide to the uncertainty brought about by them. When
experimental data is put forth in Chapter 4, the uncertainty associated with
extrapolations will be discussed further in this context.

For materials of a metallic nature, the low frequency extrapolation incor-
porating the “Hagen-Rubens” approximation may be applicable. Substances
with a high conductivity have e, > €, that is, the absorptive part of the
dielectric constant is much greater than the inductive part. This means that
n? & i€y, and from this we find that n? — k? ~ 0 and 2nk = e, = 470, /w.
Thus, in the limit of €5 > ¢,

2
nck a4 2L (2.59)
w

The Hagen-Rubens relation for the reflectivity, at energies where €, > €,
follows by substituting equation 2.59 into equation 2.45, giving

Rw)=1-2,/ — (2.60)

Thus, for free electron materials, the zero energy reflectance is equal to

1. In the energy region for which o; > oy, R(w) varies as w'/2, and is
determined solely by the real part of the conductivity, o;.

For non-metallic materials the appropriate low energy extrapolation is to
assume that the reflectivity magnitude at the lowest measured frequency ex-
trapolates to zero frequency. This is made to be consistent with the Lorentz
oscillator reflectivity, seen in the next section, for which the tail of the ab-

sorption peak has some finite reflectance ratio at zero frequency.
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For our high energy extrapolations we assume free electron behaviour, and
thus applicability of the response varying as R(w) o< w™*[43]. The energy
at which this approximation begins to apply is generally taken as 36 eV
and above. This energy is far enough removed from the high-energy end
of the data that the extrapolation has little impact on the Kramers-Kronig

transform in the region of data.

2.4 Optical response of a harmonic oscillator.

The mathematical formalism of describing the most simple absorptive com-
ponents; a bound oscillator and a free oscillator, will be introduced in this
section in the context of modelling the optical absorption of a material’s

oscillators.

2.4.1 The bound charge response

A very simple and yet powerful model for the behaviour of an electron in the
presence of a nucleus is put forward in this section. The response is that of
a damped harmonic oscillator,

d*7 dr

+ml

m—z =+ mwai = —eE, (2.61)

where m and e are, respectively, the mass and charge of a bound elec-
tron/carrier, (the mass of the nucleus has been taken as infinite) wg is the
resonant frequency, and E is the local field experienced by that bound car-
rier. The second and third terms in equation 2.61 are an energy damping
term and the Hooke’s law restoring force respectively.

The field can be taken to vary as e ™! giving a solution to the equation

of motion in 2.61 as
—eE/m

7= — . 2.62
S S W i
The induced dipole moment for the charge e is p = —eZ, which gives
B 1
p=2 (2.63)

m (wg —w?) —ilw
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Figure 2.5: Example €, (w), €z(w) (a) and reflectance, R(w) (b) for the Lorentz
harmonic oscillator. Note the change in z-axis scale between the top and

bottom panels.

Assuming a linear relationship between p and E, that is, #, and that
the displacement of the charge from its equilibrium position is small and the
process is elastic, enables us to write p = &(w)E, where &(w) is the frequency
dependent atomic polarisability.

Now, recalling that
€E=1+4+4rNa (2.64)

for small Na, we get

47 Ne? 1
+

2

m (w§ —w?) —ilw (2:65)

eE=1

Thus, the real and imaginary components of the dielectric constant for
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nonmagnetic materials, commonly referred to as the Lorentz oscillator di-

electric, are

4 Ne? (wi — w?)
_ 2.66
a=1+ m (W — w?)?+TMw? (2.66)
2
- 4rNe T'w (2.67)

m  (w} — w?)?+T2w?

Panels (a) and (b) of Fig. 2.5 respectively display example €; and €;, as
well as the reflectivity calculated from the example dielectric constant, using
equations 2.45, 2.46 and 2.47. This response is typical of that of an insulator,
and Lorentzian signatures are visible throughout optical conductivity spectra
in the form of phonon oscillations and electron transitions. Countless spectra
for insulating materials have been successfully modelled using the described

formalism.

2.4.2 The Drude response.

The Drude response follows very naturally from that of the Lorentz oscillator.
Because it describes the behaviour of a free electron, the only modification to
the harmonic oscillator theory already described is to set the restoring force,
or the third term in equation 2.61, to zero. This readily gives the expressions:

4wNe* 1
al- (2.68)
and NS .
By o (2.69)

m  w(w?+1?)
for the real and imaginary parts of the Drude dielectric function.
Again, panels (a) and (b) of Fig. 2.6 respectively display example ¢; and
€2, as well as the reflectivity expected for a Drude material. The metallic
response functions, €¢; and e, are respectively characterised by diverging
negative and positive values as w — 0. The reflectivity is high in the far-IR,
approaching a value of R =1 at w = 0.
To this point the discussion has been of the dielectric constant and refrac-
tive index, but the spectra which will be presented are predominantly those

of the optical conductivity, 6(w) = 01(w) + io2(w). In section 2.1.1 we found
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Figure 2.6: Example € (w) (inset), e2(w) (a) and reflectance, R(w) (b) for
the Drude oscillator response. Note the changes in z-axis scale between the

inset, top and bottom panels.

that 47y /w = 2nk/u or o = wey/4m. We can extend this relationship into

the more general identity

w ~+ 4mi(oy + i0y)

. (2.70)

€1 +i62 =
w

The most often presented spectra will be of the real or absorptive part
of the conductivity, o;(w), and the inductive part of the dielectric constant,

61(&)).
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2.4.3 Phonon oscillators

The A,_,B,MnO; perovskite manganite can have cubic, orthorhombic or
rhombohedral symmetry depending on the substitution level and type of
cation on the B site. The crystal symmetries, along with the Wyckoff sites
occupied by the different ions in the manganites, enable the determination
of infrared and raman active modes by group theory. The irreducible repre-
sentations from factor group analysis were found for each of the structural
types of manganite presented here using the process detailed in Rousseau and
coworkers[44] and x-ray crystallography tables[45]. For the material with cu-
bic symmetry, or the O} (Im3m) space group and site occupancy as given in

ref.[46], the irreducible representation is
4F1u + FZu; (271)

of which the acoustic mode is Fy,, F, is silent leaving 3F}, modes that are
infrared (IR) active[47].
The irreducible representation of the material with orthorhombic symme-

try D, (mmm), and site occupancy as found in ref.[48], is
TAy + 5By + TByy + 5By, + 84, + 10B1y + 8By, + 10B3,,  (2.72)

of which the Ay, By,, By, and Bs, modes are Raman active, the A, modes
are silent, the acoustic modes are By, By, and Bs,, leaving the IR active
modes 9B, 7By, and 9Bs,[48].

None of the samples presented used in this work are of rhombohedral
symmetry, but the reader is referred to [47] if interested in the irreducible
representations of the manganites with such a structure.

The irreducible representation of the (RE /Sr)3MnyO7 n=2 layered struc-
ture, with I/4mmm or Dj] tetragonal symmetry and Wyckoff sites as given
in ref.[49], is

6Az, + TE, + 44,y + 5E, + Byy + Ba,. (2.73)
The Ay, E; and By, modes are Raman active and the B,, mode is silent. The

acoustic modes are Ay, and E, leaving the infrared active modes 545, +6FE,,.

The 5 A,, modes correspond to z or c-axis excitations, and the 6 F, modes
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to z, y or ab plane phonons. The modes observed in the far-IR optical spectra
of the samples presented will display all or most of the modes predicted here
by group theory.




Chapter 3

Method.

In measuring the optical constants of the colossal magnetoresistance man-
ganites in the infrared (IR) spectral region, two different techniques were
used, namely, normal incidence reflection at Industrial Research Ltd, Welling-
ton, NZ and oblique incidence ellipsometry. The ellipsometry measurements
were made at two different places: the Max Planck Insitut fiir Festkorper-
forschung, Stuttgart, Germany and the National Synchrotron Light Source
at Brookhaven National Laboratory, New York State, USA, in the latter in-
stitute taking advantage of the high brilliance IR light source. The normal
incidence measurements were performed using two instruments: a FT-IR
(Fourier Transform Infrared) system and a grating monochromator. Having
laid down the measurement theory of the normal incidence and ellipsome-
try techniques in the last chapter, this chapter will describe the operation
of the spectrometer systems. As all three institutes’ spectrometers are FT-
IR systems, a brief description of Fourier-Transform spectrometry will be
given first. Each of the three spectrometers is a complete system compris-
ing sources, beamsplitters, interferometers, detectors and a data processing
unit. These configurations of resources will be described for each of the spec-
trometers in turn. All optical measurements were performed under vacuum,
and thus any water vapour, whose vibrational excitations absorb at ener-
gies throughout the IR, expunged from the systems. Each system was also
attached to an optical bench designed especially for the optical geometries re-
quired and these will be separately described, followed by a discussion on the

41
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facility for making temperature dependent measurements, for each system.
This chapter will also describe the preparation of the single crystal sam-
ples that were used. Brief outlines of the method and results of peripheral
experiments, such as the magnetisation, x-ray crystal orientation, scanning
electron microscope imaging and annealing treatments, will also be described

briefly herein.

3.1 Fourier-Transform Spectroscopy.

The heart of the FT-IR system is the interferometer, a double armed inter-
ference device shown, for the Michelson variety employed in the Nicolet and
Bomem systems, as part of the overall spectrometer schematic in Fig. 3.1.
As can be seen in the diagram, the source beam is passed (left) through a
beamsplitter (denoted by the dashed diagonal line), which is a material whose
dielectric properties are, in the ideal case, such that for certain wavelengths
half of the light is transmitted and half reflected. The reflected beam is
passed to a fixed mirror (F) at a certain distance from the beamsplitter. The
transmitted beam is passed to a moving mirror (M) which moves a distance
A either side of a position equal in distance to the fixed mirror from the
beamsplitter *. Upon reflection from the fixed and moving mirrors the beams
are recombined at the beamsplitter which transmits/reflects an output beam
to the detector. The output has interference induced by the path difference,
x = 2A, of the half of the recombined beam that originated from the moving
mirror. The modulated output beam from an interferometer is known as the
interferogram. The nature of the modulation contains information about the
spectral content of the light and allows for the complete spectral decoding
of a reflected light signal. The reader is referred to ref. [50] for a complete

mathematical description.

!For the Bomem DAS spectrometer system the fixed and moving mirror positions are
interchanged from Fig. 3.1. It also is unique in its angular setting of the system polarisers,
which, without going into detail, allows greater throughput of light. Another variation
from this diagram is in the use of a Genzel interferometer for the Bruker 113v system.
The major differences are (i) the beam is focused at the beamsplitter, not collimated as
in the Michelson, and (ii) the angle of incidence is about 15°, compared with 45° for the
Michelson.
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Figure 3.1: Schematic of the Michelson interferometer system in the context
of its deployment in the Bomem DAS8 and Nicolet Impact 400 spectrometers.
Interference produced in the beam by the moving mirror (M) is output as an
interferogram, which interacts with the components at the optical bench and
is then directed to the detector. The intensity variation with path difference
induced by the shifts between moving and fixed mirror positions is Fourier
transformed to give the intensity variation as a function of the probing light
frequency. Note that focussing and collimating details have been omitted,
and displayed is the 45° beamsplitter schematic only. Reproduced from ref.
[50].

The intensity at the detector varies as a function of the path difference
between the interferometer arms. The Fourier Transform of the spatial func-
tion gives the spectral intensity of the light at the detector as a function of
inverted distance units, or wavenumbers (cm™'). This encoded light pattern
enables spectral information over large frequency ranges to be extracted in
seconds. The beamsplitter efficiency, which rarely is that of a perfect beam-
splitter with R = T = 0.5, is not treated here and the detector sensitivity is
also ignored. This is because their effects are removed by the ratio measure-
ment detailed in further sections.
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3.2 Normal Incidence Reflectance.

The normal incidence reflectivity measurements were made at Industrial Re-
search Ltd, using a Bomem DAS series FT-IR spectrometer. The spectrom-
eter will be described first, followed by a description of the use of the system

for normal incidence reflection measurements.

3.2.1 Spectrometer resources.

The wavelengths available to probe our samples are determined by the optical
components of the spectrometer, that is, the source, the beamsplitter and
the detector configurations. Fig. 3.2 illustrates the frequency-dependent
intensity signal at different detectors of the selected source and beamsplitter
combinations. Using the resources available enables spectra in the range of
50 cm~! and 15000 cm™~! to be easily attained. Table 3.1 gives the spectral

range of each of the optical components in more detail.

600
T T T

Glo/25um/Bolo
..... Glo/12um/Bolo
........ Glo/3um/Bolo

o
~
=3
S
F
=3
=)

dadadataitadetay

)
c
3
o
<
N T T T
& . N
@ A Glo/KBIMCT
- W i\ -
8 L I S Qz/CaF /InSb
= ) \
= H J . - O Qz/Qz/inSb
N1 N / \
o W Y e Q2/Qz/SHlicon ]
v it b
L o 8 .
/ S,
: L A R P T
[} 5000 10000 15000 20000

Wavenumber (cm™)

Figure 3.2: Overlap of spectra measured using different combinations of spec-
trometer resources. Translations of the legend can be found in the Abbrevi-
ations column in Table 3.1.

3.2.2 Optical bench.

In order to be able to apply the reduced Fresnel equation of 2.44 from the
previous chapter, it is necessary that the light should be normally incident
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| Resource | Energies (cm~!) | Abbreviation

Mercury 5-200 Hg
Sources Globar 100-10000 Glo
Quartz-Halogen 2000-25 000 Qz

25 pm Mylar 15-100 25 pm

12 pm Mylar 40-200 12 pm

; 3 pm Mylar 125-850 3 pm
B KBr 150-4000 KBr
CaF, 1200-8500 CaF,
Quartz 4000-25 000 Qz

He cooled Bolometer 10-700 Bolo

Detectors N, cooled HgCdTe 400-5000 MCT
N; cooled InSb 1800-14 000 InSb

Si 8500-50 000 Silicon

Table 3.1: Bomem DAS8 spectrometer resources and their spectral range.

at the material surface. In practise the beam is incident at as near a nor-
mal incident angle as the geometry of the optical components in the sample
chamber will allow, or # ~ 12°. The uncertainty in the approximation that
sinff ~ 0 and cosf} ~ 1 is figured to contribute to the systematic error of
the reflectance measurement. The optical setup for achieving near-normal
incidence reflectivity of the spectrometer beam is illustrated in Fig. 3.3.
Light propagating in the vertical plane (by contrast with the Bruker sys-
tem, in which the light beam is always propagated horizontally) is deflected
into the horizontal plane of the sample chamber by a mirror in the inter-
ferometer. The first plane mirror in Fig. 3.3 deflects the beam through the
aperture to the first focussing mirror. This is a mirror with off axis curvature
that focuses the light spot, an image of the aperture, onto the sample. The
beam reflected from the sample is focussed onto the detector by a second
focussing mirror and a plane mirror at the detector window. The symmetry
of the system ensures that the image at the detector is that of the source,
thereby allowing maximum collection of the light package with minimal dis-
tortion of the contained information. The two plane mirrors and aperture
position are only adjustable when the bench is purged, or at atmospheric
pressure. Fine tuning of the beam path can be achieved when the optical
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Figure 3.3: Representation of the Industrial Research Ltd designed optical
bench, attached to the DAS8 series Bomem spectrometer, and used for normal
incidence reflection. Diagram courtesy of [51].

bench is under vacuum however, using servo controlled motors on the adjust-

ment pins of the two off-axis mirrors.

3.2.3 From transmission to reflection.

The Fourier-transformed measurement at the detector is of the frequency-
dependent intensity variation of the light reflected from the sample. The
reflectance spectrum at this juncture is the transmission spectrum of the
combined source, beamsplitter, sample and detector configuration, as can be
seen for different combinations of source, beamsplitter and detector in Fig.
3.2. However the reflectivity of the sample material cannot be extracted from
just this measurement. In order to find the absolute reflectivity of a particular
sample, we must compare the sample reflectance to the measured reflectance
of a material whose absolute reflectivity is known. Useful materials for which
this is so include aluminium and gold, which both have very high and well-

known IR reflectivities, are relatively stable and show limited sensitivity to
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oxidation. For use as a reference gold films were evaporated onto optically flat
glass plates which were first overcoated by sputtering with a chrome polish.
Gold reflects in the order of 99% of IR radiation incident upon it[52], and
all spectra are corrected for this reported reflectivity of gold. The difference
between evaporated gold and literature gold reflectivities, is recognised as
another contribution to the systematic error of the reflectance measurement.

The so-called “gold edge”, or decline in the reflectivity of gold caused by
interference due to interband absorptions, is in the region of visible light,
so for energies greater than about 20000 cm™! gold begins to expend its
usefulness as a reference. Also, at these energies the size of the gold particles
evaporated onto the film become comparable to the wavelength of the light
being used to probe the materials. This leads to an increased scattering
of shorter wavelength light, and the gold referencing technique is thus less
reliable at higher frequencies of incident light.

For reflection measurements in the IR, a rotating sample holder was used
with sample and reference mounted back to back. The holder was then
rotated through 180° to enable the placement of either the sample or the
reference in the path of the spectrometer beam. To ensure that the reflected
light from both the sample or the reference followed ‘exactly’ the same optical
path to the detector, a laser beam, independent of the spectrometer, was
focused on each surface. The laser source was positioned approximately 1
m from the sample and reference surfaces, thereby producing a combined
incident-reflected beam length of the order of 2 m. The positions of the
reflected laser spots were monitored on a white screen at the laser source
and made to coincide to within 1 mm upon rotation of the holder. This
precision corresponds to the beams from the sample and reference coinciding
to within at least 1 mm of each other on the detector. This is important, in
order to avoid uncertainties due to spatial differences of the detector material.

The sample holder sits on the end of a rod which spans the approx-
imately 1 m height of the bath cryostat used for temperature-dependent
measurements. Because of this length, any thermal contraction of the rod
is exaggerated and must be accounted for in the optical set-up. Typically a
shift in position of the sample and reference of 4 mm is found for a decrease
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in temperature from 295 K to 77 K. To counteract this shifting of position, at
every temperature at which measurements were made, the spectrometer and
alignment laser beams were refocused onto the sample and reference. Then
the optical bench was realigned and the output signal optimized before the

measurement was made.

Thus, in a typical measurement run, as seen in Fig. 3.4, intensity mea-
surements of the sample and reference are made by the detector, then ratioed
to give S/A, the relative reflectance. This is done in a certain spectral range,
depending on the spectral resources chosen. The process is repeated using
other spectrometer resources until the desired energy range is covered. If all
optical elements have been optimally aligned, the overlap between spectra
will be good, as seen for three different spectral ranges in the top diagram of
Fig. 3.4. At this juncture the various relative reflectance spectra are spliced
together and the absolute reflectance (denoted Rg) found by taking the re-
flectance of the reference material (R4) into account. High and low energy
extrapolations are then applied to the absolute reflectivity spectrum (bot-
tom diagram of Fig. 3.4), in order to meet the Kramers-Kronig transform
requirement that R be known to all frequencies. The real and imaginary

parts of the dielectric constant are then extracted using the transform.

To illustrate the reproducibility of the combination spectrometer, optical
bench and sample holder arrangement, Fig. 3.5 shows four spectra measured,
from one of the single crystals in this report, in the space of 10 minutes and
with scan times of 20 seconds. They are the reflectance of the material with
respect to gold, or R,. It can be seen that the maximum deviation (ignoring
the noisy peaks below 200 cm™!) from the eyeball average of the four spectra
is at around 580 cm ™, and is no more than 2%, or less than 4% of the signal
magnitude. The scan reproducibility and sample repositioning error in R is
much less than this on the average, at about +1%. The uncertainty in R
then, due to the entire spectrometer system and optical bench set-up, also
including the effects of the reference, is taken as +3%.
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Figure 3.5: 4 spectra demonstrating the reproducibility of the Bomem DAS8
Spectrometer, optical bench and sample holder arrangement.

3.2.4 Temperature-dependent measurements.

An MD4 Oxford Bath cryostat was used for low temperature normal in-
cidence reflection measurements in the IR. This is designed to hold either
liquid nitrogen or liquid helium as cryogen, but for the present experiment
liquid nitrogen was used. The optical tail which carries the sample, makes
thermal contact with the cryogen via a heat exchange space in which helium
gas was used. The tail was also availed of a heating element controlled by a
Lakeshore 330 Autotuning temperature controller.

3.2.5 Grating Monochromator.

The normal incidence reflectance measurements were extended into the re-
gion of visible light (10000 cm~!-50 000 cm™!) by using a prism and grating
monochromator spectrometer maintained by the Light Standards team at
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Industrial Research Ltd. This selects different wavelengths in order to probe
the sample with monochromatic light, in contrast to the Fourier transform
method. The reflected intensity from a surface was measured for each wave-
length, and the ambient radiation accounted for with background intensity

measurements taken before and after each measurement.

Optical bench and resources

In the visible spectral region the size of the particles of gold on evaporated
films becomes comparable to the wavelength of probing light, so we preferen-
tially adopt a method developed by the Light Standards team at Industrial
Research Limited and use quartz as our reference. The refractive index of
quartz has been extremely well characterised[53] and the reflectance calcu-
lated from this is about 4% in the visible region. To ensure that there are no
multiple reflections from the back surface of the quartz plate (thereby giving
a false reflected intensity measurement), the back surface of the quartz was
roughened to scatter any stray light due to internal reflections. It is possible
to also use wedged crystals to scatter light reflected from the back surface,
but this requires a very precise geometric setup of the sample to ensure that
the reflected beams from both reference and sample follow the same optical
path to the detector. The incident angle was in practise 8 &~ 12°, or the same
as that of the Bomem optical bench.

A silicon detector was carefully positioned at the focal point of the re-
flected image from the reference and sample, using visible light at a wave-
length of 550 nm.

The source used was a high brilliance quartz-halogen lamp with a broad
spectral characteristic in the visible region[53]. A slit width of 2 mm was
chosen, which acted as the virtual object to the rest of the spectrometer

system.

Temperature-dependent measurements

An Oxford flow-through cryostat with sapphire windows was used for normal

incidence reflection measurements in the visible region and liquid nitrogen
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used as the coolant, to obtain sample temperatures down to 80 K.

The sample and the reference were affixed to the cryostat sample holder
one above the other and manually moved into the beam position between
runs. This necessitated careful checks that horizontal plane rotation had not
shifted the beam off the detector.

3.3 Ellipsometry.

As previously mentioned, the ellipsometry measurements were made in two
different laboratories. A Bruker 113v spectrometer was used at the the
Max Planck Institut in Stuttgart, and a Nicolet Impact 400 vacuum Fourier
spectrometer used at the U4IR beamline at the National Synchrotron Light
Source on Long Island. The resources and components of each of these dif-
ferent types of spectrometer are very similar. The only significant differences
between spectrometers are in the optical bench and light sources used, so
these will be described seperately for the Brookhaven experiment in the next
section.

The technique of ellipsometry has two advantages over the normal in-
cidence reflectivity technique. One is that determination of the absolute
reflectivity of the sample is not required. This eradicates the need, firstly,
for reference materials, mandatory in normal incidence reflectivity measure-
ments. Secondly, it dispenses with the need for special sample holders to en-
sure accurate copositioning of sample and reference. Two significant sources
of uncertainty, first, how well known is the reflectivity of the evaporated gold
film, and second, how accurately the sample and reference beam paths can
be made to coincide, are thus eliminated. The other advantage of ellipsom-
etry over normal incidence reflectivity is that both the real and imaginary
parts of the optical constants are determined. The ellipsometry experiment
gives information on the reflectivity AND the phase change of the reflected
light. By contrast, the normal incidence reflectance measurement’s single
quantity, the reflectivity magnitude, necessitates extrapolations beyond the
regions of acquired data to apply dispersion relations. The elimination of the

extrapolation requirement for the ellipsometry technique is another source of
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reduced uncertainty.

However, ellipsometry has significant disadvantages of its own. Light loss
due to scattering from rough surfaces is more pronounced for high incident
angle reflection (necessary, as detailed in the next paragraph), especially
from small samples. Diffraction effects at the long wavelengths of the far-
IR can also skew the ellipsometry measurements. Thus typical ellipsometry
measurements routinely demand either large samples or very high brilliance
light sources. Also, as will be appreciated by the data acquired on the layered
manganites, when anisotropic samples are measured by ellipsometry, normal
incidence measurements often must serve as a guide to help reduce the data.

Fig. 3.6 is a schematic of the measurement and data acquisition process in
the ellipsometry technique. The five boxes making the shape of an arrowhead
at the top of the diagram were introduced in the previous chapter. In review,
the light from the source is linearly polarised at the sample by the Polariser,
set at a fixed angle P. The angle of incidence of the light is chosen to be
near the Brewster angle of the material, so that the difference between the
rp and g components of the light is at a maximum. The sample reflects the
obliquely incident light so that it is elliptically polarised and passes this light
to the detector via another polariser. This second polariser (or Analyser)
rotates through 360°, allowing the detector to make intensity measurements
at defined positions, in this case every 18°. The intensity as a function of
interferometer path difference is Fourier transformed for each analyser angle
A, to give the 20 intensity spectra pictured in the top most graph. At each
frequency the angular variation in the intensity follows a sinusoidal curve
which can be fitted to equation 2.31. Then, using the theory developed in
the previous chapter, the Fresnel equations, 2.14 and 2.15, may be inverted

at each frequency to extract the dielectric constant.

3.3.1 Spectrometer Resources.

The spectrometer resources are very similar to those used in the Bomem
system. They are briefly detailed in Table 3.2. An identical far-IR bolometer
detector, is adapted for the detection of mid-IR radiation by the fitting of a
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cold Ge filter, and is operated at 4 K. The far-IR bolometer is operated at
1.2 K by pumping on the helium liquid in the bolometer housing cryochamber.

| Energy Range | Resources used |
50-500cm ! 6 um Mylar, Hg, far-IR Bolo
Bruker 113v || 150-700cm ! 3 um Mylar, Hg, far-IR Bolo
400-6000cm ! KBr, globar, mid-IR Bolo

50-700cm~' | Si solid substrate, SLS, far-IR Bolo

Nicolet 400 | 55-3000ca=" | 51 solid substrate, SLS, mid-IR Bolo

Table 3.2: Spectral coverage of the Bruker 113v and Nicolet 400 spectrome-
ters with resource combinations required for each range. The abbreviations
are the same used in Table 3.1 with SLS denoting the Synchrotron Light
Source used at Brookhaven.

Black polythene filters are used when the mercury (Hg) sources are em-
ployed to protect the windows and other plastic components from UV radi-

ation in the Hg source.

3.3.2 Optical bench.

The ellipsometry setup used at the Max Planck Institut can be discussed from
the schematic in Fig. 3.7. The FT-IR part of the system in the middle of
the diagram passes the incident beam to a pre-chamber, where it is reflected
to the ellipsometer chamber by the plane mirror (M1). The light is polarised
on passing through the polariser, (P), set at a particular fixed angle for an
experimental run. The light then passes through the cryostat (L) window
to the sample (S), from whence it is reflected through the second cryostat
window elliptically polarised. The rotating analyser (A) then passes the beam
from the collecting mirror (M2) to the detector (Bo), where the intensity of

the beam is recorded.

3.3.3 Sample mounting.

The samples are mounted with GE varnish (an adhesive that has a low
thermal expansivity) to brass pins, which are then oriented manually so that

the sample lies in the path of the incoming beam. The required angle of
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incidence is obtained by rotating the sample mount to bring the reflected
light from the sample onto a predesignated position, marked on the inside
wall of the optical bench. The opening angle, or the spread of the light from
its nominal angle of incidence for the system, is 1.2°. A calculation detailed
in Kircher and coworkers[54], found an uncertainty in the optical constants

of the order of £2% as a result of this angular spread.

3.3.4 Temperature-dependent measurements.

Temperature-dependent ellipsometry measurements were made with the sam-
ple housed in a helium flow-through cryostat with wedged diamond windows.
The same cryostats were transported from the Max Planck Institut for use
at Brookhaven. The windows on the cryostat are positioned such that they
admit and transmit light at predefined oblique incident angles. To this end
two different cryostat casings were used for the two different incident angles
of 0=75° and 6=80°.

3.4 Ellipsometry at Brookhaven

3.4.1 Optical bench.

The setup used at Brookhaven is pictured in Fig. 3.7. The U4IR working
area at the National Synchrotron Light Source is situated on a platform some
metres above the level at which radiation is ejected from the synchrotron
radiation ring. The U4IR beam, then, is deflected vertically from this level
to the working level and passed through a wedged diamond window (DW) via
a configuration of plane mirrors. After passing through the interferometer
compartment with the beamsplitter and moving mirror (denoted St and B
respectively) the beam is passed into a pre-chamber where a compensator
is often employed at D. The ellipsometer chamber is then as discussed in

section 3.3.2.
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Figure 3.7: Brief schematic of the essential components in the ellipsometry
setup used at the National Synchrotron Light Source at Brookhaven National
Laboratory. Diagram from Henn[55].

3.4.2 Beamline characteristics

The spectral characteristic of the U4IR beamline is shown in Fig. 3.8 (upper
curve) in comparison with a typical globar source emitting at 2000 K[53]. The
intensity of the synchrotron light source is a remarkable 2-3 orders of mag-
nitude greater than the globar? across the spectral range of 10-10 000 cm ™.
This enables the measurement by ellipsometry of much smaller samples than

a regular source will allow, and over a greater spectral range.

*In this wavelength range the globar source actually produces more photons over 4.
The information displayed, thus, is only true for very small solid angles, which we have in
the instance of this experiment.
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Figure 3.8: U4IR beamline spectral characteristic at the National Syn-
chrotron Light Source at Brookhaven National Laboratory from [56].

3.5 Sample Preparation.

3.5.1 Preparing surfaces for measurement.

It is essential that, for the material whose optical properties we are trying
to measure, the reflecting surface is smooth on the scale of the wavelength
of light being used to probe the sample, so that the reflection is specular. If
some of the reflected light is lost by scattering, it causes an underestimation
of R and thus alters the conductivity extracted from the Kramers-Kronig
transform. For samples which do not have a naturally reflective surface,
specular reflection is usually achieved by polishing with progressively finer
grains, diamond paste and Al,O3; powder being common choices of abrasive.
However, as will be detailed in the next chapter, polishing creates a dam-

aged layer, possibly by straining the crystal, even to the extent of changing
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| Sample | z || Surface | Treatment [ Anneal. Time | Temp |

0.1 || polished | annealed 1 hour 1000°C
Lay-2Ca;MnO; 0.265 || polished | annealed Hours 650°C

Lag_9;51142,Mny07
ab plane | 0.4 cleaved - - -

c-axis polished - - -
Pry_2,51149:MnyOy
ab plane | 0.5 cleaved - - -

c-axis polished - - -

Table 3.3: Surface treatment parameters for manganite samples.

the measured reflectivity, so one must be careful to anneal the sample after
polishing. The thermal treatment corrects some of the damage induced by
polishing, but introduces other problems, which will be discussed in later

sections.

For the bilayered manganites, the physical coupling strength between the
planes of MnOg octahedra is quite weak, and the samples thus cleave very
easily along the ab planes. For the single crystals, this produces very flat and
mirror-like surfaces, so that polishing of the ab plane is not required. The

c-axis plane of each sample however, is polished to be specularly reflecting.

A summary of the samples measured in this study and their surface prepa-

ration treatments is presented in Table 3.3.

3.5.2 Pseudocubic La;_,Ca,MnOsj.

Both LaggCagMnO3; and Lag 735Cag26sMnQO3 are single crystals grown by
the floating zone method. This fabrication method was carried out by a
Japanese group at Joint Research Center for Atom Technology in Tokyo and
the details are available elsewhere[25]. High quality single crystals, in the
form of cylindrical rods, of a typical length of 50 mm are produced by the
process, and the samples themselves are cut lengths of about 5 mm. The
samples are hard and black in appearance.
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Figure 3.9: Laue x-ray diffraction pattern of the (1 0 0) face of
Lag,735Cag.26s MnO3.

Crystal orientation by Laue diffraction

To assist in locating the (1 0 0) face of the sample, in order to polish for re-
flection measurements, the technique of Laue x-ray reflection was used. This
method allows, amongst other things not detailed here, the determination of
the high axes of symmetry of a single crystal sample. Briefly, x-rays with
a range of wavelengths are directed at a crystal and reflected back onto a
photographic plate at the source. Bragg reflection, or, loosely speaking, con-
structive interference, occurs if the range of wavevectors coincides with the
distance between planes of atoms in the crystal. The author found [57] useful

as a reference.

The sample itself was mounted on a goniometer, allowing free rotation
of the sample in the orientation adjustment between exposures. An initial
photo taken for a random orientation of the sample gave a non-symmetrical
pattern, with the (1 0 0) axis of symmetry off-centre. Subsequent adjustments
to the sample position and further photographs enabled a gradual orientation
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of the (1 0 0) plane to face the source. Displayed in Fig. 3.9 is a selected
photograph taken with 15 minutes exposure time of the crystal to the x-rays,
with a (1 0 0) face squarely facing the x-ray source. The hole and bright
spot in the centre are, respectively, the hole in the photographic plate which
admits the x-ray source, and the source itself. The spots on the image are
reflections corresponding to the crystal’s planes in reciprocal space. The
fourfold symmetry evidenced by various features on the photo - the four
compass point arms and the bright pairs of spots at the edges of the image,

for example - is indicative of (1 0 0) symmetry.

Polishing particulars

We chose a flat sawn face in the (1 0 0) plane of each of samples, and wet pol-
ished them to gain a specularly reflecting surface. Because of the importance
of a flat reflective surface to the normal incidence measurement, the sample
to be polished was mounted in a fashion developed by Dave Cochrane[58].
The sample was mounted onto a glass holder with wax, and surrounded by
a material of similar hardness (glass was deemed appropriate) to approxi-
mately the same height as the sample. The glass surrounding the sample
then acted as a supporting brace, and ensured that the sample face was pol-
ished flat. Without this support, the strains on the sample cause it to move
under the physical strain of the polishing action, and tend to polish up a
convex surface. Progressively finer polishing grains of sandpaper were used.
The sample face was polished off with 1 pym Al;O3 powder on a rotating
pitch plate moistened with distilled water. This gave a mirror-like surface

from which the reflectance was measured.

Annealing particulars

To release the strain that polishing induces near the surface of the single
crystals, an annealing treatment was used. A significant portion of the re-
sults section will discuss the differences between spectra measured from the
polished surface of the materials as opposed to the polished and then an-
nealed material. Put forth here is the “what” of the procedures used, leaving
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Figure 3.10: Furnace profiles for the annealing treatments given to the (a)
Lag.735Cag.265MnO3 and (b) Lag9CagMnO; samples.

the “why” to the next chapter. As seen in Fig. 3.10(b), which displays the
furnace profiles, the z=0.1 sample was annealed for 1 hour in a flowing 100
% %0, atmosphere, at 1000°C, following the procedure adopted by Lee and
coworkers[32]. Optical measurements were performed on a crack-free region
of the surface with a surface area of 7(1.5mm)? The z=0.265 sample was
annealed at the lower temperature of 650-500°C for about 30 hours, also in a
flowing 0, atmosphere as illustrated in Fig. 3.10(a). This annealing treat-
ment matted the surface of the =0.265 sample somewhat, but no cracking
was seen in this material, which also presented a surface area to the beam of

m(1.5mm)?.
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Figure 3.11: Scanning Electron Microscope image of the surface of the
Lag9Cap1MnO; single crystal used for optical reflectivity. The insets show
close ups of the indicated regions of the surface. Note that boxes indicating
the blown up regions are NOT scale representatives of the inset boxes.

Scanning Electron Microscope images

The Scanning Electron Microscope (SEM) at Industrial Research Ltd was
used to image the surface of Lag¢Cag;MnOj at different magnifications, and
a composite image of some of these is displayed in Fig. 3.11. As can be seen
in the main image, there are at least two large cracks on the Lag¢Cag1MnOs3
sample surface, and a great number of small cracks, secondary-fault-like,
across the entire sample face. The region of the sample used for optical
measurements was a central circle of approximately 3 mm in diameter, some
of the boundary of which was defined by the largest crack. The large cracks
shown on this SEM image were apparent before annealing, but were about a

quarter of the width, which may indicate that the thermal treatment caused
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the release of strains in the material. The two insets to Fig. 3.11 display
blown up regions of parts of the surface. The rightmost inset displays a
surface with ridges having a periodicity of about 400 nm. The leftmost inset
displays a surface with ridges having a periodicity of about 600 nm and the
preferential direction of the ridges appears to have rotated 90°. Nonetheless,
both of these roughnesses are fairly smooth on the scale of the wavelength
of IR radiation.

Magnetisation measurements
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Figure 3.12: Magnetisation with respect to temperature for Lag9CagMnO;
before (circles) and after (squares) annealing.

In measuring the magnetisation change with temperature, the Vibrating
Sample Magnetometer at Industrial Research Ltd was used. As well as mea-
suring the temperature-dependent magnetisation of all four samples, in order

to find T, and characterise the degree and type of magnetic order in the ma-
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terials, the magnetisation was measured before and after annealing each of
the pseudocubic samples to monitor any shifts in 7,. Description of M (T)
will be reserved for discussion alongside optical measurements in Chapter 5.
There was a 4K increase in T, for the £=0.265 substituted sample, as seen
in Fig. 3.13, and an increase of approximately 8 K in 7, for the z=0.1 substi-
tuted sample, as seen in Fig. 3.12. This rather significant increase of 7, for
x=0.1, coupled with a distinct shape-change of the magnetisation, suggests
that bulk changes have occurred, possibly structural, consistent also with the

extent of cracking in the sample.

—— preannealed

. 0.5 Tesla

Magnetisation (emu)
I

--------- annealed
Lao.7sscao.265Mn03 S
0 L 1 L 1 " 1 i I} L l-. 1
0 50 100 150 200 250 300
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Figure 3.13: Magnetisation with respect to temperature for

Lag 735Cag.26sMnO3 before (solid line) and after (dotted line) anneal-
ing.
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3.5.3 Layered (La/Pr)g_zerngMngO—/.

The layered single crystal materials were also grown by the floating zone
method, by a British group at Warwick University, Warwick. The details
of this procedure are published elsewhere[59]. Both the PrSroMn,O; and
the La; oSr; §Mn,O; samples cleaved along the ab plane, and both presented
mirror-like ab plane surfaces of &~ 3 mmx4 mm dimension. In the case
of the PrSroMn,O; sample this surface was used for both the near-normal
incidence reflection and oblique incidence ellipsometry measurements. The
La; 2Sr; gMn,O7 sample surface was used for ellipsometry only.

The ca planes of the two samples were prepared for optical measurements
at the National Synchrotron Light Source by wet polishing in methanol, using
grains down to 1.0 um. The samples were mounted to a hard plastic brace
with GE varnish for the polishing procedure. The polished surface area was
about 2 mmx3 mm for the La; Sr; sMny;O; sample and 1 mmx4 mm for
the PrSroMn,O; sample. The high brilliance of the National Synchrotron
Light Source U4IR light source ensured that plenty of reflective signal was
achieved for these surfaces, despite the natural wastage of light endemic to

the high angles of incidence.




Chapter 4

Reflectivity and determining
optical constants.

Our intention is to extract o(w) across all frequencies, w, for which we have
measured R(w). The central issue in the acquisition of reliable optical con-
stants from normal incidence reflectivity measurements, is how accurately
the reflectance can be measured, or modelled, in the 0 to co energy range.
The piecing together of available reflectivity data and choice of extrapola-
tions to the regions beyond is not trivial. Details of the reflectivity extrap-
olations used and the subsequent uncertainty in the conductivity from the
Kramers-Kronig transform will be dealt with here. Another issue is that,
depending on wavelength and refractive index, a significant portion of the
material that is probed by reflection spectroscopy is susceptible to surface
degradation effects. In order to recover the intrinsic optical properties of a
material which probes a proportionately significant surface component com-
pared to the bulk, the surface dielectric constant must be no different to that
of the bulk. Thus, as alluded to in section 3.5.2 of the previous chapter, a
very careful sample surface preparation regime is of the utmost importance.
This chapter will present optical conductivity measurements from surfaces of
the pseudocubic manganite which have received both polishing and anneal-
ing treatments and discuss the differences. The chapter will conclude with a
discussion of the attempted extraction of the c-axis dielectric constant from
ab plane ellipsometry and normal incidence measurements.

This chapter, then, is something of a halfling: results based, but heavy

67
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on discussion of the normal incidence reflectivity method in practice. Subse-
quent chapters will discuss the meatier physics involved in interpreting the

optical constants of these manganites.

4.1 Pseudocubic Lajy¢Cag1MnOs.

Lag¢Cag;MnO; displays insulator-like resistivities at all temperatures, as
inferred by the phase diagram of Fig. 1.4. As such, it displays less colourful
optical behaviour when compared to the metallic Lag 735Cag 265 MnOj3 single
crystal. For this reason it serves as a good starting point for the step-by-step
discussion of the optical constant determination in action.

4.1.1 Reflectivity spectra

This section will describe how a reflectivity spectrum of infinite frequency
extent was generated from a combination of data and numerical and analyti-
cal extrapolations. The reflectivities of the annealed and unannealed samples

will then be compared, discussing the similarities and differences.

Extrapolations

At this point the extrapolations used in the reflectance spectra will be de-
scribed without rigorous justification. The uncertainty due to the choice
of extrapolation will be discussed later in section 4.2.1. Fig. 4.1 displays

the reflectivity of the annealed Lag9CagMnOj single crystal at 295 K. The

1 and consists of data

acquired using the FT-IR spectrometer for energies lower than 13000 cm ™!,

and the grating spectrometer for energies greater than 9000 cm™!, as seen

measured data extends from 65 cm~! to 45000 cm™

by the overlapping spectra in the inset of Fig. 4.1. The slight mismatch in
the level of reflectivity, for the spectra measured with the different spectrom-
eters, has been reconciled by multiplying the infra-red part of the spectrum
by 1.1 to give the smooth spectrum in the main panel.

The low energy extrapolation of R(w) has been taken as constant, which
follows from an assumption that oy (w = 0) = 0. The Lag ¢Cag;MnOj3 sample,
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Figure 4.1: Reflectance spectrum (solid line) measured at 295 K for annealed
Lag9Cag1MnOj3. Dashed lines denote the low and high energy extrapolations.
The inset shows the contrast between raw IR and visible data in the crossover
region.

as an insulator, has a very low o, (w = 0), and as such is expected to closely
approximate a low energy constant reflectivity behaviour, as detailed in sec-
tion 2.4.1. In any case, as will be demonstrated for the Lag 735Cag 265 MnQO3
sample, the low energy extrapolations have little impact on 0., (w) in the
region of measured data.

The reflectivity for an unannealed polycrystalline sample of
Lag 9Cag.;MnO3 measured by Jung and coworkers[23] has been used to bridge
the energy gap between 45000 cm~' and 254000 cm~!. Between 254000
cm™ and 300000 cm~! the reflectance has been chosen to decay as w2,
acknowledging the presence of any higher energy transitions for which no
data is available. Beyond 300000 cm™!, or 37 eV, the reflectivity is made to
decay as w™®. At this point we simply assert that these extrapolations are
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the most appropriate, deferring a discussion of the influence on the Kramers-

Kronig transform of different extrapolations to a later section.

Annealing effects

The frequency dependent reflectivity, R(w), measured for the z=0.1 substi-
tuted sample at 295 K before and after annealing, is denoted by dotted and
solid lines respectively in Fig. 4.2. Only unannealed reflectivity data were
available in the visible region for this sample, so this was spliced to both
unannealed and annealed IR data at about 13000 cm™!, as detailed in the
previous subsection. Focusing now on the IR region, it can be seen that the
annealed and unannealed sample spectra show features in common. Below
800 cm~! each has 3 large peaks, corresponding to optic phonon modes. A
broad peak between 700 em~! and 15000 cm~! appears in the same energy
range and at a similar reflectivity level for both annealed and unannealed
samples. These general similarities in the spectra aside however, annealing
the material does bring about notable changes in the reflectivity. For the

1 in particu-

unannealed sample, the second phonon mode at w ~ 350 cm™
lar, is populated with a number of small peaks. These small peaks are not
present in the annealed sample, aside from a small split seen at w =~ 350
cm~!. The frequency of the mode at w=170 cm~! has decreased, or “soft-
ened”, upon annealing. The heights of all three major modes have also de-
creased with the annealing treatment. The reflectance level increases slightly
between 700 cm™' and 8000 cm™!, then appears to decrease in the visible
region, as evidenced by the downturn of the IR reflectivity just above 8000
em~!. Speculation as to the nature of the changes that have brought about
the contrasts in optical features will be left to the next section, in which the

conductivity is the focus of discussion.

4.1.2 Conductivity spectra

Having extended the R(w) spectra to 0 and oo frequency we are now able
to apply the Kramers-Kronig transform and extract optical constants for the

annealed and unannealed samples.
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Figure 4.2: Reflectance at 295 K of Lay¢CagMnO3 before and after anneal-
ing. The inset shows the phonon region in more detail.

The real part of the Kramers-Kronig transform of R(w) will from hereon
be labelled, very specifically, as oy . (w), for reasons which will become clear
in the next section. oy .. (w) for the unannealed and annealed =0.1 sample
are illustrated with dashed and solid lines respectively in Fig. 4.3. The inset
of Fig. 4.3 shows the far-IR oy ,,.(w) spectra on a linear scale of w. The
three peaks at w =~ 160 cm™', 345 cm™! and 580 cm~! have been assigned to
the “external”, “bending” and “stretching” modes respectively[22]. For the
purposes of our description of these modes, we label these the low-energy,
mid-energy and high-energy phonons respectively. These will be discussed
in more detail in the next chapter. The high-energy phonon has hardened
upon annealing, which may betray something of the nature of the oxygen
coordination in the material, before and after annealing. The shape of the
modes in the phonon region for the annealed z=0.1 closely resemble those
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Figure 4.3: 0y x(w) for Lag9Cag1MnOj at 295 K before and after annealing.
The inset shows oy xx(w) in the low energy phonon region.

of the measured spectrum for polycrystalline =0.1[23]. The irregular spiky
phonons of the unannealed £=0.1 0y x.(w) spectrum bear more resemblence
to the published =0 parent compound (LaMnOj) spectrum|[23, 24]. The
x=0.1 spectra are in agreement with published spectra, then, but only af-
ter annealing. It appears that the thermal treatment chosen has removed

imperfections that were evident in the optical spectra as defect modes.

4.2 Pseudocubic La0,735Ca0‘265MnO3.

The higher level of hole-substitution for Lag 735 Cag.26s MnOg yields significant
temperature dependence in this crystal. Ascan be seen in the La;_,Ca,MnO;
phase diagram of Fig. 1.4 this material undergoes a concurrent insulator-
metal, paramagnetic-ferromagnetic transition at 7,. The resistivity of this
material drops through 2 or 3 orders of magnitude, as seen in Fig. 5.1, by
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10K becoming only 2 x 10? times more resistive than copper (Cu) at room
temperature. As introduced in section 2.4.2, metallic behaviour is signalled
by a broad low energy absorption or Drude-like peak in the optical conduc-
tivity spectrum, so we expect to see signs of this in our spectra when the
sample temperature is in the metallic phase.

This section will first discuss the extrapolations that were applied to the
La;_,Ca,MnO; (z=0.1, 0.265) reflectivities more rigorously and the uncer-
tainty that results from our choices. R(w) measured from the unannealed
sample will be presented to highlight problems of surface preparation, as
will surface characterisation measurements of the sample before and after

annealing.

4.2.1 Extrapolations

Obtaining oy, (w) such that it truly represents the intrinsic conductivity of
a material relies heavily on the accuracy of the measured R(w), and on our
choice of R(w) outside the measured region. This fact cannot be overstated.
The question of which extrapolation is used for the reflectivity is one that
must be rigorously justified. As will be shown in this section, even quite
similar choices of extrapolation of R can yield very different results for the
Kramers-Kronig transformed conductivity. Low energy and high energy ex-

trapolations will be discussed in separate sections.

Low energy extrapolations

The particular case of the low energy Hagen-Rubens type extrapolation,
when applied to reflectivity spectra with metallic-like behaviour, will be dis-
cussed in this subsection.

Fig. 4.4(a) shows the low energy reflectance of Lag.735Cag265MnO3 at
75K and 190K. At these temperatures, the sample is in its metallic-like
phase (7, ~ 205K) and the Hagen-Rubens extrapolation is deemed appro-
priate to use for extending the data to zero energy. Recalling, from section
2.3.3, that this extrapolation only applies when €3 > ¢, it is prudent to
investigate the effect on the Kramers-Kronig transform of variations of the
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Figure 4.4: (a) Reflectance, (b) oy,x(w), and (c) € 4x(w) spectra of
Lag.735Cap26sMnO3 at 75K and 190 K demonstrating the effect of different
low energy R(w) extrapolations. oy .(w) and €; 4. (w) for a constant extrap-
olation of the 190K R(w) spectrum are pictured as dashed lines, but the
R(w) extrapolation itself is not shown. Otherwise the legend in the middle
graph applies to all panels.
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Hagen-Rubens w’® dependence. For 190K, in particular, which is close to
the metal-insulator transition temperature, the condition that e; > € may
not be met. The w®5 Hagen-Rubens dependence is displayed in Fig. 4.4(a)
by solid black lines tagged to the lowest data points of the spectra; 57 cm™!
for 190 K and 130 cm™! for 75 K.

To demonstrate the effect on the Kramers-Kronig transform of different
reflectivities, different dependences of the low energy reflectance have been
used. Illustrated as dotted and short dash lines are, respectively, w® and w*

05 extrapolation

extrapolations, which lie either side of the Hagen-Rubens w
curve in Fig. 4.4(a).

It can be seen in panels (b) and (c¢) that the rather subtle change in reflec-
tivity, from the changes in extrapolation constant, translates to an equally
subtle shift in oy ., and €; 4, especially for the 190 K spectrum. As a lim-
iting case for the 190 K spectrum we attempt an extrapolation involving a
constant R. Though not shown in Fig 4.4(a), R(w) at 63 cm™! was ex-
tended as a straight line to zero frequency, in the manner of the insulating
LagyCag1MnO; samples. 0y 4, and €, that result from this extrapola-
tion are shown with dashed lines in Fig. 4.4 (b) and (¢). The effect on
01« 18 minimal, but €, ., is changed quite dramatically and, especially for
w < 150cm~!, becoming strongly positive, compared to hovering around
€1 =~ 0 for an Hagen-Rubens extrapolation. In any case, careful scrutiny
of Fig. 4.4(b) and (c) reveals that for the 190 K spectrum, e, ~ 500 (not
shown in Fig. 4.4) at the lowest data point, compared with ¢; =~ 0 (using
the Hagen-Rubens extrapolation) and €; ~ 200 (using the constant extrapo-
lation). In the Hagen-Rubens extrapolation case the condition that e; > €
is met. We thus contend that a Hagen-Rubens extrapolation is appropriate
for all spectra at T < T..

High energy extrapolations

Fig. 4.5(a) shows with solid lines the reflectance of Lag.735Cag.26sMnQO3
at 75K and 295K - the lowest and highest temperatures measured - for
the entire measured energy range. Also shown in Fig. 4.5(a) is the re-
flectance of non-annealed polycrystalline Lag 7Cag3sMnQOs, measured by Jung
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Figure 4.5: (a) Reflectance and (b) oy xx(w) spectra of Lag 735Cag.065 MnOj at
75K and 295 K demonstrating the effect on the Kramers-Kronig transform of
different high energy R(w) extrapolations. Note that the x scales are different
and that the legend is split between the two panels.

and coworkers[23] at room temperature. This measurement was made up to
29 eV or 236 000 cm~!. The Jung spectrum displayed in Fig. 4.5(a) has been
scaled up by 0.02 so that its high energy reflectance is level with our data.
The extrapolation of choice was as detailed for Lag¢Cag;MnOj: firstly
the Jung data is spliced to the end of the temperature-dependent IR-visible
data. Between 236 000 cm~! and 300 000 cm ™! an w~2 decay is taken. Beyond
37 eV, or 300000 em™!, an w™* decay of R(w) is assumed. To investigate
the effect on the Kramers-Kronig transform of different high energy extrap-
olations, a second process went as follows: a constant extrapolation of the
reflectance level at the extreme end of the IR-vis data is taken, with an
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w™* decay rate beyond 37 eV. This can be seen for the two spectra shown
illustrated as short dash and circle lines in Fig. 4.5(a).

Because we do not know the exact level of the reflectivity of the annealed
single crystal Lag 735Cag265MnQOj3 in the high energy region, it is anticipated
that choosing a constant extrapolation in this region makes a rough approxi-
mation to the oscillator strength represented by transitions at these energies.
By the same token, the constant extrapolation is also suitably at variance
with the Jung data to give us a guide to the uncertainty in the Kramers-

Kronig transform.

01 xx(w), for each of the two extrapolation scenarios applied to 75K and
295K, are shown in Fig. 4.5(b). Applying the constant R extrapolation
makes significant difference for w > 30000 cm~!. Above this energy the 300 K
spectrum shows significant changes in oy . (w) with different extrapolation
choices. For the 75 K spectrum there are significant variations for w >25000
cm™!. However, the extrapolation at high energy makes little difference to
01,55 (w) in the 65 cm™ to 25000 cm ™! frequency region, and our quantitative
analysis will be confined to within this region. The extrapolations do show
us that only qualitative analysis is possible in energy regions above 25000
cm™! (3 eV). In the energy range below this, the uncertainty in the optical

constants due to extrapolation uncertainties, is estimated to be +1%.

4.2.2 Annealing effects on R(w) and o, (w)

Before it was understood that polishing could skew optical measurements
by its damage to a sample surface, R(w) spectra were measured from the
unannealed sample surface at several temperatures. The spectra at 295K
and 75K are shown in Fig. 4.6(a), and contrasted with the R(w) of the
annealed sample at the same temperature. Examining first the 295K data,
the three phonon modes that were apparent in the z=0.1 sample are readily
observed, though the defect modes of the unannealed z=0.1 sample spectra
are not visible for the sample in either of its unannealed or annealed states.
At 295K, the level of R(w) for the annealed sample is greater than the

unannealed sample in the mid-IR region between 800 em~* and 6500 cm™!,
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Figure 4.6: (a) R(w) and oy.(w) spectra at (b) 295K and (c) 75K for the
annealed (solid line) and unannealed (dashed line) Lag 735Cag 265 MnQO3. The
legend in the middle graph applies to all panels.

but is decreased in the visible region. This is more likely due to a greater

degree of scattering from the surface rather than a decrease in absorption.

These changes are minor, however, in comparison with those seen when
the £=0.265 sample is in its metallic phase. The energy of the mid-IR mini-
mum in the reflectance, or so-called “plasma edge”, more than trebles, as it
shifts from 3200 cm™! (0.4 eV) to 11000 cm™! (1.4 V) on annealing. This is
a very similar effect to that seen by Lee and coworkers[32], who found that
the plasma edge of single crystal Ndg 751 3sMnOj shifted from 0.6 eV to 2 eV
upon annealing. Here, this shifted spectral weight absorbs the peak seen in
R(w) in the unannealed sample at approximately 6500 cm™' (0.8 eV). The
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30000 cm™! (4 eV) peak is still seen in the annealed material but, as for the
sample at room temperature, the reflectance level in the visible region has
decreased, again predominantly due to scattering rather than a real decrease
in oscillator strength. As mentioned in section 3.5.2 the annealing treatment

“matted” the surface.

The differences that annealing makes are more concerningly expressed in
01 xx(w). The room temperature spectra in Fig. 4.6(b) show an increase
in the spectral weight of the mid-IR peak for the annealed sample and a
decrease in the spectral weight in the visible region. The changes in the
phonon region are relatively small.

However, at 75K the spectrum shows huge changes with annealing. As
seen in Fig. 4.6(c), the apparent o .. (w) of the unannealed sample actually
goes negative between about 4000 cm~! and 6000 cm~!. Clearly a negative
01 xx(w) is unphysical and needs to be addressed. It is the reason for our
dogmatic use of “6k” in the subscript of the o, label. The return of a nega-
tive conductivity clearly indicates that o, . is at variance with the intrinsic
01. R(w) spectra were measured repeatedly, and with different gold reference
surfaces, finding variations no greater than our claimed uncertainty. Further-
more, a wide range of both high and low energy extrapolations were tried,
finding that an unrealistic high energy extrapolation beyond 40000 cm™! (5
eV) of w™'® was necessary to drive o ,,(w) positive. It will be shown in the
next section that an inhomogeneous dielectric can return negative oy . (w)
values. For the moment we continue our discussion of annealed vs unannealed
conductivity spectra. In Fig. 4.6(c), 0} .x(w) for the annealed sample not
only remains positive, but the extrapolation at the low frequency end of the
data, which carries a hugely increased spectral weight, yields o(0)=2300 +
500 2~ 'em™!, rather close to the anticipated value from resistivity measure-
ments on the as-grown sample of 0,=2500 Q~'cm~!. The extrapolated zero
frequency conductivity of the unannealed sample was about half this value.
The resistivity of the annealed material has not been measured, but it was
found by Lee and coworkers [32] that the annealing process made very minor
changes to p(T) in a single crystal of Ndy;Srg3MnQOs. Further, the effect

of annealing on the magnetisation of our sample is negligible. This suggests
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that the bulk properties of the material are not being altered by annealing
treatments. A surface effect induced by polishing the sample provides the

most consistent explanation for the difference in optical reflectance.

4.2.3 Modelling of a nonuniform dielectric

When a repeated reflectivity measurement reproducibly produces negative
01,kx(w) from the Kramers-Kronig transform, the next place to lay blame is
on the sample itself. It can, in fact, be shown that obtaining a negative oy xx
is not such a preposterous result for a sample that is inhomogeneous, and thus
violates one of the assumptions made in the Kramers-Kronig analysis. To
demonstrate this, an effective conductivity was calculated for a bulk material
with a 0.1 pum thick overlay with slightly different optical features from the
bulk. The thickness of the overlay was chosen as a conservative estimate of

the extent of polishing damages.

Figure 4.7 (a) and (b) show R(w) and € (w) (=470 (w)/w), respectively,
in more detail. The bulk €y, (w) (dashed line) comprises a Drude peak with
wp,=1 eV and 7=1 eV, and a Lorentzian oscillator centred at w,=3 eV. In
addition to those oscillators of the bulk, the layer has a Lorentzian centred at
w=1.5 eV (dotted line). It can be seen that the calculated apparent conduc-
tivity ez.(w) (solid line) from this hybrid material has a distinctly negative
component at about 1.2 eV. In addition, the Kramers-Kronig transform of
the calculated R(w) of the hybrid material is shown as solid circles in the
inset of Fig. 4.7(b), which magnifies the region where €;(w) goes negative.
Though not shown in the main panel € 4 (w) = €. (w) for all w.

Takenaka and coworkers[61] have suggested that polishing somehow lo-
calises the carriers. This is why such a large difference in Drude spectral
weight is typically seen between polished and cleaved samples in their metal-
lic phase, and a relatively small difference between polished and cleaved
spectra for the insulating phases. This suggestion is certainly borne out in

our result.
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Figure 4.7: (a) R(w) and (b) € (w) for a model material with a 0.1 pm
overlayer, demonstrating an effective negative conductivity for an inhomoge-
neous material. The inset to (b) is a close up of the 1.2 eV energy region
and includes the Kramers-Kronig transform of R.y.

4.2.4 Effect of oxygen annealing on surface chemistry

The differences seen in the optical spectra due to annealing naturally led us to
a more thorough examination of the sample surface. A Secondary Ion Mass
Spectrometry (SIMS) measurement was made by Jim Metson at Auckland
University, NZ (see Fig. 4.8(a),(b)) on the annealed and unannealed z=0.265
sample. The composition variation of La, Ca, Mn and O ions with depth, z,
below the sample surface is plotted for the £=0.265 sample before (a) and
after annealing (b). The profiles for each ion have been normalised to their
bulk value at 2=220420 nm.
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Figure 4.8: Secondary Ion Mass Spectrometry atomic composition profiles
for (a) unannealed and (b) annealed Lag735Cag26sMnO3. Horizontal dotted
lines at y=1 are a guide to the eye. All y-axis tick marks denote a spacing
of 0.2.

It can be seen that, in the unannealed sample, the composition of the
constituent ions is virtually independent of depth, within uncertainty limits.
By contrast, in the annealed sample profiles we see “significant” (denoting
damages within 30 nm of the surface) deviations from the expected bulk
compositions for all of the constituent ions near the surface. The La ion in
particular is present in quantities of up to 170% of the unannealed sample
near the surface. The average percentage for the ions in depths of 0 < z < 23
nm is La=1.35, Ca=0.91, Mn=0.88 and O=1.12. A situation which could
favour a surplus of La ions near the surface, accompanied, as it is, by an

overpopulation of O at the surface, is in the possible formation of LaCOj3
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Figure 4.9: Skindepth d(w) of Lag 735Cag26sMnQO3 at 295K and 75K. The
dashed horizontal line denotes the 2=90 nm threshhold.

in the annealing process, coexisting with the crystalline perovskite. The Mn
and Ca ion composition deviation is fairly linear, and recovered to 1(% the
uncertainty in the data) at approximately z=190 nm. For z > 90 nm the
ionic compositions deviate by at most 5%, and we term this a “residual”

compositional change.

4.2.5 Probing light penetration depth

Although the optical spectra of the unannealed sample are inconsistent with
a single interface, Secondary Ion Mass Spectrometry (SIMS) measurements
of this surface (Fig. 4.8(a)) show no sign of valence differences that could
contribute to the unphysical oy .(w). This lends even greater credence to
the suggestion that strains, not compositional changes, result in a surface
layer with a dielectric constant different from the bulk. On the other hand,
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the SIMS measurement of the annealed £=0.265 surface, showing significant
disturbances (>10%) in the valence which persist to depths of z ~ 30 nm,
prevent us from being entirely confident about presenting our annealed sam-
ple spectra as representative of the intrinsic optical properties. The question
for these spectra then becomes, how significant are the surface changes from
the point of view of the light being used to probe the material? To answer this
question, the skindepth, §(w), for this material, was calculated by taking the
inverse of the absorption coefficient a(w) = 2wk(w)/c. k(w) (the imaginary
part of the refractive index) is found from the Kramers-Kronig transform of
the annealed =0.265 sample reflectance. As can be seen in Fig. 4.9, d(w),
shown at 75 K and at 295K, is greater than 90 nm for all of the frequencies
at which data were measured. For frequencies less than 8000 cm™! (1 eV)
d(w) is at least 450 nm, or five times the depth to which “residual” changes
in ionic composition extend, and fifteen times the depth of “significant” ionic
composition changes. Of course, we cannot deduce any information about the
strains near the surface from SIMS, but the large increase in Drude spectral
weight seems to suggest that these have been largely relieved. We venture
that for the analysis in the following chapter, which extends to w=0.5 eV
(where light probes to a minimum depth of z=600 nm), our data are more

than adequately representative of the bulk optical properties.

4.3 Summary

Although the idea of modelling an extension of the measured reflectivity, in
order to make our data Kramers-Kronig compatible, appears tenuous, and
introduces an uncertainty in the conductivity in the region of measured data,
this is a quantifiable source of uncertainty, which in many cases is much less
than the measurement errors.

We have seen that surface treatments are a major factor in being able to
recover the intrinsic conductivity. While polishing damages, evidenced by a
dramatically reduced reflectivity in a large energy range, appear repaired by
annealing, the SIMS measurement showed us that annealing introduces va-
lence differences near the surface. Quantitative analysis is therefore limited
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to the longer wavelength region. We suggest that surface characterisation
measurements should mandatorily accompany optical measurements for an-

nealed samples.

4.4 Deduction of c-axis dielectric constant

In this section we describe the results of extracting c-axis optical constants
from normal incidence reflectivity and ellipsometry ab plane measurements.
The route taken to arrive at the results was instructive, if the end results
in themselves were somewhat disappointing. The mechanics of deducing the
c-axis optical conductivity, with reflection measurements just from the ab
plane, were described in section 2.2.4. In this section we describe the results
acquired for the c-axis response of the PrSroMn,O; sample. This had both
normal incidence and oblique incidence reflection measurements made on its

1 on its c-axis. Our

ab plane, but no measurements made beyond 700 cm™
aim was to supplement the gap for w > 700 cm™"' in the c-axis data.

To remind from section 2.2.4, a MATLAB routine was written to cal-
culate the complex frequency-dependent quantity N; from input data and
using expression 2.41. 7, is then found by minimising a in the f(7,) — N
expression of 2.43. In order to test the MATLAB routine a model mate-
rial, with known uniaxially anisotropic dielectric constants, was used. In this
material, the ab plane dielectric constant was made to consist of that of a
lorentzian oscillator centred at 350 cm~!. The c-axis dielectric constant was
contributed to by an identical lorentzian, but centred at 500 cm™'. p*, or
the mixed ab-¢ plane response due to the anisotropy of ab plane and c-axis,
was then calculated under the assumption that light was incident on the ab
plane at an angle of 75°. The quantities p=, 6 and 7y were then fed into the
MATLAB routine, and a c-axis response, n; and k, deduced therefrom. As
can be seen in Fig. 7?7 of Appendix B, the agreement between the fit and the
expected c-axis response is excellent, indicating that the MATLAB routine
and formulae used therein are correct.

Also shown in Appendix B, and in Fig. 77, are the results of another test,

involving an ab plane with a Drude dielectric function instead of a Lorentzian.
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Again, the c-axis fit and the expected c-axis dielectric function were in perfect

1. However,

agreement, and over an energy range from 200 cm ™' to 10000 cm ™
for w < 200cm~! in which |Im(N1)| < &, where £ is some critical number of
the order of 0.01, MATLAB could not converge at a sensible solution. Upon
further investigation, it was found that the critical value, £, appears to be

dependent upon the strength of the Drude absorption in the ab plane.
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Figure 4.10: n, (a) and k, (b) found by reduction using ab-c and c-ab el-
lipsometry measurements (solid line), deduction using reduced ab plane el-
lipsometry data as 7y (dashed line) and deduction using normal incidence
reflectivity data as n)| (solid circles) for PrSroMn,Oy.

Turning now to an investigation of the measured data, our first approach
was to focus on the comprehensively probed far-IR region. In this energy

range we are availed of both ab-c and c-ab ellipsometry measurements, which
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enables us to extract the c-axis dielectric function by the reduction pro-
cess. This is illustrated by solid lines for n, and k; in panel (a) and (b)
respectively of Fig. 4.10. Our first fit comes by using the reduced 7 from
ellipsometry measurements with p* in expression 2.41. The outcomes of this
fit are illustrated as dashed lines in Fig. 4.10, and for most of the spectral
range illustrated, show an extremely poor correlation with the expected 7
(solid lines). Not only is the magnitude of the fit at variance with 7, for
w < 450cm™!, but the shape of the fit is also different.

Still worse, however, is the fit using normal incidence reflectivity mea-
surements as 7, as illustrated by solid circles. The absence of points in
many regions of the far-IR is indicative of the difficulty MATLAB had in
converging at a solution in these areas. Even in the narrow frequency ranges
in which the fit was able to extract sensible numbers, these numbers are,
for the most part, far removed from the expected c-axis response. The only
region in which there is some agreement between fitted and actual 7, is be-
tween 600 cm™! and 700 em~!. Given that our aim is to determine the c-axis
optical constants in the mid-IR, or for w > 700 em — 1, it is encouraging
for this goal that the agreement of the reduced and fit dielectric constants is
tolerable at the high energy end of the far-IR.

We thus now turn to a presentation and discussion of the deduced mid-IR
n,, and display the fit for PrSryMn,O7 at room temperature and at 75K in
Fig. 4.11(a). We stress here that this work is shown merely for completion,
and not on the basis of any perceived merit in the data itself. In the mid-
IR region, MATLAB converges at a certain solution for 7, (w), which is not
Kramers-Kronig-consistent for the region around 1000 cm™!, in which the
75K and 295K fits go negative. o(w) and ¢ (w), calculated from the fit
i) (w), are displayed in panels (b) and (c) of Fig. 4.11 respectively. The
aforementioned Kramers-Kronig inconsistency around 1000 cm™! for &, is
reflected by o;(w) going negative. Higher in energy, the shape of o,(w) is
odd, displaying sharp changes of slope at 1500 cm™! and 2000 cm™*, for the
295K and 75K spectra respectively. For all the possible and unquantifiable
flaws in the fitted data, it is encouraging that, at the very least, € (w) is

observed to be positive and greater than 1 as the energy increases.
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Figure 4.11: mid-IR c-axis (a) 71, (b) 01(w) and (c) € (w) for PrSryMn,O5,
deduced from ab plane measurements.

Our explanation for the large discrepancy between the fits of 7, using
real data involves the uncertainty in the measurement data. Indeed, there
is a significant discrepancy between the dielectric constant 7 measured by
ellipsometry and by normal incidence reflection. This can be seen by direct
comparison of R(w) and o(w), measured for PrSroMn,O7 by normal inci-
dence reflectivity and ellipsometry, in Appendix C. Although not displayed
as n and k there, kj differs by up to 80% between normal and oblique in-
cidence measurements. We investigated the effect of enforcing uncertainties
onto the model data, and found that significant shifts in the fits for 7, can
result.

Further, the MATLAB routine is written without regard to Kramers-
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Kronig consistency. This means that for a simple model in which the solution
is known, and the “measurements” are exact, the best fit arrived at is the
expected one. Enforcing errors onto the “measurement” can bring about
significant shifts of the solution curve from the correct one, destroying the
applicability of the dispersive relationship between measurements.

We might anticipate that the relative success of fitting in the region be-
tween 450 cm~! and 700 cm™! is due to the c-axis component interacting
strongly with the ab plane component. Investigations using the model ma-
terials have shown that if p* and 7 of the model material are well known,
the degree of interaction does not matter. 7, is returned exactly, or not at
all. However, it seems a reasonable suggestion that uncertainties in the mea-
sured data affect the fitting result proportionately less in regions of strong
c-axis interactive component. Although more work is needed, it seems safe
to conclude that the greater the interaction of the c-axis with the ab plane
measurement, the more likely the fit is to succeed in finding a solution.

Thus, the usefulness of this method for extracting c-axis mid-IR data
from our ab plane measurements, though potentially valuable, is also severely

restricted by uncertainties in the datasets.
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Chapter 5

Optical conductivity.

...in thy light shall we see light. Psalm 36:9.

Having determined optical constants, through either a Kramers-Kronig
transform of the normal incidence reflectivity or from the reflection phase
change in the oblique incidence reflectance measurement, we may now discuss
these spectra in detail and discover what may be learned from the absorption
features displayed. Especially of interest is the temperature-dependence of
phonon and electronic contributions to the conductivity, and signatures of
interplay between the electrons and the lattice.

The measurements on members of the n = oo and n=2 layered materials
will be presented in a specific order: the most weakly and strongly metallic
materials, respectively Lag¢CagMnO3 and Lag.735Cag.265 MnO3, will be dis-
cussed first (see Fig. 5.1 for resistivity information on these samples). The
bi-layered manganites will then be discussed in order of decreasing conduc-
tivity; La; »Sr; sMnyO7, having a metal-insulator transition at 7,=125K and
then PrSroMn,O7, expected to show insulator-like behaviour.

The measurements that have been made are summarised in Table 5.1,
showing for each of the four samples which of the normal incidence reflectivity
(NI) and ellipsometry (Elli) experimental techniques were used, the energies
at which the experiments were performed and the temperatures at which
spectra were acquired.

Fig. 5.1 displays the DC electron transport properties of three of the
samples investigated. The Lag¢Cay;MnQO3 sample behaves as an insula-

91
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[ Sample | z [ Expt. | Energy (cm™') | Temp. |

9000-50 000 295 K
el M 60-15000 7T0K-295 K
La;_,Ca,MnO; 9000-50 000 205 K
0.265 NI 9000-37 000 80K,150K
60-13 000 75 K-295 K
Lay_2;51142:Mnp0O7
ab plane 0.4 Elli 50-5000 10-295 K
c-axis Elli 50-5000 295 K
50-700 10-295 K
Pro_9;51142:Mny07
abplage | 05 Elli 50-5000 10-295 K
NI 60-13 000 7T0K,140K,295 K
¢ axis Elli 50-700 10-295 K

Table 5.1: Summary, for each sample, of the energy and temperature ranges
at which the two experiments were performed.

tor, its resistivity increasing as the temperature decreases. Likewise, the
resistivity of the c-axis of La; Sr; gMnyO7, the ab plane of La; 5Sr; gMnyO5
and Lag735Cag26sMnO3 display this insulator-like behaviour for tempera-
tures above 125K, 125K and 205K, or the Ty, respectively. However,
as the temperature is decreased through a narrow temperature band from
these Ty, the resistivity drops by 2 orders of magnitude in La; ,Sr; §MnsO5
and at least an order of magnitude in Lag735Cag26sMnO3. The resistiv-
ity of Lag735Cag26sMnO3 continues to decrease in a metallic fashion (as
we have chosen to describe “metallic” behaviour in Chapter 1) with de-
creasing temperature, whilst the La; 5Srj gMnyO; sample is metallic-like to
about 50 K. Below this temperature, there is a slight upturn in p(7"). For
Lag.735Cag.26sMnO3 at 10K, pge = 30 pm, or just 2 orders of magnitude
greater than the room temperature resistivity of copper.
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Figure 5.1: Resistivity as a function of temperature (H=0) for

La;_,Ca,MnO; (z=0.1, 0.265) from [62] and both ab plane and c-axis of
La; 5511 §MnyO7 from ref. [63].

5.1 Pseudocubic La;_,Ca,MnOQOs;.

5.1.1 Ul’nﬁ(w,T) for Lao.gcao_anO;;

In section 4.1 of the last chapter, the differences between room temperature
annealed and unannealed samples were discussed. The appearance of small
peaks on the three main phonons were ascribed to defects which are removed
by annealing. Here, for completion, we display in Fig. 5.2 a comparison of the
already introduced 295K 0y ... (w) spectrum with that measured at 70 K, for
the unannealed sample. The only temperature-dependence observed is in a
slight broadening of the modes as the temperature is increased, ascribable to
anharmonic effects. It is reasonable to assume that this minimal temperature-

dependence would also be observed in the annealed sample.
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Figure 5.2: 0y xx(w) measured for the unannealed Lag¢Cag; MnO3 sample at
70K and 295 K.

5.1.2 La0,7350ao_265Mn03
R(w,T)

Figure 5.3 shows R(w) measured for the annealed Lag 735Cag.265 MnO3 at var-
ious temperatures between 75K and 295K and in the frequency range of
40-45000 cm™t. At 295K and 255K, that is, for T > T,, the phonons are
very prominent. The mid-IR region shows a broad peak and the high energy
region shows a peak in the reflectance at about 30000 cm™" (4 eV).

As the temperature is decreased, the three phonon peaks in the far-IR
become progressively obscured by the increasing low energy reflectivity back-
ground. The magnitude of R(w) approaches 1 as w tends to 0. The reflectance
shows strong temperature dependence, even at the 30000 cm™! peak, which
displays a shift in energy as well as a change in magnitude (discounting the
190 K visible spectrum, which is scaled to better coincide with the IR data).
The other interesting feature is a peak at about 6000 cm™' (0.7 eV), seen in
the 190 K and 160 K spectra. This feature becomes obscured by the increas-
ing Drude-like R(w) as the temperature decreases.
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Figure 5.3: R(w) measured for the annealed Lag 735Cag.265sMnO3 sample.
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The Kramers-Kronig transforms of the R(w,T’) spectra are shown in Fig.
5.4 in the energy region 45-45000 cm~'. Plotted as open circles on the
y-axis are zero-frequency conductivity values deduced from the DC resistiv-
ity measurements displayed in Fig. 5.1. The sample at 295K and 255K
(that is, for T > T,) shows a gap-like feature at 800 cm™'. This feature is
also seen at this energy in the works of Boris[64] and Kim[65], respectively
on single crystal and polycrystalline samples of approximately a third sub-
stituted La;_,Ca,MnQOj3. As illustrated in Fig. 1.9, the three low energy
phonon modes seen in all of the manganite compounds have been ascribed
to (in order of increasing energy) “external” (‘“rare earth”), “bending”, and
“stretching” modes of the MnOg octahedra[22]. We adopt the labels low-
energy, mid-energy and high-energy respectively to describe these modes,
whose energies are given later, in Table 5.2. The 295K and 255K spectra
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Figure 5.4: 01(w) found from a Kramers-Kronig transform of R(w) for the
annealed Lag 735Cag.265MnO3 sample.

are also characterised by two higher energy peaks, a broad one at about 8000
em™! (1 eV) and the other at about 30000 cm™" (4 ¢V.) The 30000 cm™*
(4 eV) peak has been alternately ascribed to the charge-transfer transition
between O,, and Mn e, bands[23, 29, 32] and a transition between O, and
Mn ty, bands[24, 25, 34]. Our observation of temperature-dependence in this
feature favours the interpretation of the feature as e, related. For T' > T,
the e, electron is localised. For T < T, it becomes itinerant. We find the
broad feature at 8000 cm™! (1 eV) near impossible to fit with just one os-
cillator, and there is some speculation in the literature as to whether this
peak is single[29, 32]. Fitting has not been attempted here; due to their
similarities, it is just as instructive to compare the present dataset with liter-
ature spectra. Our attempts to fit the low-temperature spectra with Drude

and Lorentzian features are also not included here. The uncertainty in de-
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termining the plasma frequency, w,, and scattering rate, 7, from the Drude
component is large, due to the difficulty in obtaining a good fit of the data
to a Drude absorption. In any case, the electron dynamics of the manganites
can only very crudely be likened to the gas of electrons envisaged by the
Drude model. Believing the analysis to be of limited value, we forego any

presentation of results in this area.

Below T, there is a shift in the spectral weight from the mid-IR to the
low frequency region. This low frequency Drude-like weight increases further
with decreasing temperature and though it somewhat screens the phonon
modes, they remain evident, even at the lowest temperature displayed. The
broad 8000 cm™' (1 eV) peak seems to transfer some of its weight into the
6000 cm~! (0.7 eV) peak, very prominent in the 190 K spectrum, and the
rest to the low energy Drude peak. The weight and energy of the 6000 cm ™
peak has decreased at 160 K as the Drude weight further increases, and at
lower temperatures there appears to be a clear division of weight: increasing
below and decreasing above about 4000 cm™!, or 0.5 eV. The temperature
dependence of the weight of this Drude-like feature is investigated in the

following subsection.

Sum rules and carrier dynamics

Because charge cannot be created or destroyed, the integral sum of the
conductivity [o)(w)dw, gives a way of identifying which spectral regions
the charge carriers are accumulating in. It also enables the isolation of
temperature-dependent features from a background that can often obscure
these. The effective number of carriers below selected cutoff energies can
be found by use of equation 2.58, to which the conductivity sum rule is
an integral part. In this expression, V', the volume of the unit cell, was
calculated from reported temperature-dependent structural data[66, 67] on
Lag75Cag95MnQO3. This sample lies in the same structural phase of the
£=0.265 substituted material, and its structural parameters are thus rep-

resentative in magnitude and temperature dependence.
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Figure 5.5' shows Nesf(w,T) for Lag735CagosMnOg in the frequency
range of 100 to 45000 cm~'. We note, first of all, for the 295K and 255K
spectra, that the oscillator strength at the low frequency end accumulates
in distinct steps, forming three plateau regions at the phonon energies. By
contrast, the Drude-like peak for the T' < T, spectra overwhelms the in-
crease in oscillator strength contributed by the phonons for the material in
its metallic-like phase.

The band at 6000 cm ™! shows a very significant increase in the carriers for
the 295 K and 255 K spectra. This increase is notable in the 190 K spectrum,
but for the 160 K, 130 K and 75 K spectra, the band is difficult to distinguish
from the large Drude-like band whose oscillator strength extends from 100
to 25000 cm™.

A notable feature of the curves is that the effective number of carriers for
all of the different temperatures coincides at about 25000 cm~*. This indi-
cates that the transfer of oscillator strength is restricted to the energy bands
for w < 25000 cm™!, that is, that the transfer of carriers with temperature is
occuring within the region of our data, and, more specifically, from the 6000
em~! band at high temperature to the low energy Drude-like band.

A close inspection of the spectra in Fig. 5.4 shows that there is a crossover
energy below which the Drude weight increases with decreasing temperature
and above which the spectral weight decreases as temperature decreases.
This occurs at w, ~ 4000 ecm™" (0.5 eV). Fig. 5.6 displays Nesf(w,T) for
Lag 735Cag.06s MnO3 calculated to 0.5 eV. The temperature dependence of
N5y does not change significantly with energy cutoffs £0.05 eV.

As detailed previously, correlation between (M(T)/M;)? and Ngsy is ex-
pected in the simple Double Exchange picture[68]. However, we find that
N.s;(T,0.5 eV) is not proportional to our measurement of the square of the
normalised magnetisation, (M (T)/M,)?, (where M(T) is the magnetisation
and M; is the saturated ferromagnetic magnetisation as 7" — 0), shown as
the inset to Fig. 5.6. The magnetisation shows a very sharp transition with
temperature, as expected for a long-range electronic correlation, whereas the

increase of (the effective number of) carriers with decreasing temperature is

! This analysis assumes that the effective mass is the same as the bare optical mass.
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Figure 5.5: Effective number of carriers, N s(w), for the Lag 735Cag.26s MnO3
sample found from the sum of oy ;. (w,T") to w.

much more gradual. Our result implies that a Double Exchange model alone

can not explain the spectral measurements.

Another way of expressing the Double Exchange picture is to focus on the
energy region which is depleted as temperature decreases and examine how
carriers are removed to participate in the low energy Drude-like band[68].
By using this analysis it has been found, in an absorption[31] study and a
reflectance[34] study (both on La;_,Sr,MnQ3), that the IR spectral weight
associated with the conducting carriers is transferred from the higher energy
transitions at 3.2 eV and 5 eV[34], in obeyance with the scaling relation
1-(M(T)/M;)?. This implies that the Double Exchange picture alone is suf-
ficient to explain the loss of carriers at high energy. Similar analysis carries
large uncertainties for the present dataset, as the lesser skindepth for the

higher frequency region probes proportionally more of the damaged surface
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Figure 5.6:  Effective number of carriers, N.;(0.5 eV), for the
Lag.735Cag.26s MnO3 sample, found from the sum of the conductivity to 0.5
eV and contrasted with the temperature-dependent Double Exchange band-
width 7v/7o.

layer than the bulk, so we have not attempted it. Absorption techniques[31]
are far less sensitive to surface effects, and a cleaved surface is far more likely
to reflect the properties of the bulk, thus the spectra in the short wavelength
region for absorption and cleaved surface reflectivity studies are more reliable
than surface probe techniques in which the surface quality is unknown.

Our Nss(T) does, however, scale rather well with a parameter which
also incorporates Jahn-Teller coupling in the Double Exchange model. This
is the temperature-dependent Double Exchange bandwidth, vpg(T) /vp£(0),
predicted by Kubo and Ohata[11] and illustrated as a solid line in Fig. 5.6.
By contrast with (M(T)/M,)?, the rise of vpg(T)/ypr(0) with decreasing
temperature is much more gradual and tracks Ns;(0.5 eV) rather well. The

reason for this good agreement, also seen in other optical studies[32, 65, 69,
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Figure 5.7: ¢ (w) found from a Kramers-Kronig transform of R(w) for the
annealed La0,735Ca0,255MnO3 sample.

has been discussed by Kim and coworkers[69] in terms of incorporation of
Jahn-Teller coupling in the Double Exchange model, whose Hamiltonian was
studied by Roder and coworkers[70].

In the previous chapter we demonstrated that the quantitative interpre-
tation of results of any optical measurement is not independent of surface
treatments. The surface treatments, adopted in the three optical studies
which applied the temperature-dependent Double Exchange bandwidth anal-
ysis, were annealing of a single crystal[32], annealing of polycrystals[69], and
polishing of a polycrystal[65]. Given the uncertainty associated with the
optical studies of polished and annealed materials, a precise picture of the
electron dynamics in the La;_,Ca,MnOj3 system is probably yet to emerge.
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fl,mc(w, T)

For completeness, we include Fig. 5.7, which shows € ,.(w,T) for the
Lag 735Cag.265MnO3 sample. For T' > T, € «x(w) has a positive DC value of
about 50. The low energy region is dominated by the phonon behaviour and,
as the energy increases further, the spectrum converges with the spectra in
the T' < T, phase to the expected high frequency value of €;=1. As the tem-
perature decreases away from 7, the low energy €, ., becomes more strongly
negative, yet still featuring quite prominent phonon signatures. These are
less obvious in the 75 K spectrum, which shows a definite trend to negative

values with decreasing frequency for w > 400 cm™?.

Below this frequency
the spectrum is dominated by noise.

As the inductive part of the conductivity, € xx(w,7’) completes the full
description of the response function and clearly shows an increasing metallic
behaviour with decreasing temperature, although the previous section has

highlighted that the dynamics have yet to be completely characterised.

5.2 Layered Lay 5,Sr;9,MnyOr.

The n=2 members of the Ruddlesden-Popper structural series of manganites,
with their highly anisotropic structure, display intriguing physical variations
from the n = oo pseudocubic manganites. Attention has thus recently turned
to the properties of the layered materials. Optical measurements of z=0.4
hole substituted La; 2Sr; sMn,O7 are presented in this section of the chapter.

5.2.1 Magnetisation of La; sSr; sMn,O7.

To set the scene for the discussion of the electronic and optical properties of
this material, magnetisation measurements are first presented. These were
acquired with a Vibrating Sample Magnetometer (VSM) on the sample used
in the optical experiment. Once in the VSM cryostat, the ab plane and c-axis
directions of the sample were found by rotating through 360° and measur-
ing the angular dependence of the sample’s magnetic susceptibility, x. A

sinusoidal dependence was found. From literature on the magnetic proper-
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ties of La; 25ty §MnyO7[6] it is known that the peak in y corresponds to the
ab plane and the minimum 90° either side of this is found when the c-axis
is being probed. The magnetisation measurements were made in a 5 hour
temperature sweep whilst the sample was warming. Fig. 5.8(a) displays the
temperature-dependent magnetisation M (7") measured for the two orienta-

tions of the crystal and in two different field strengths.
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Figure 5.8: Panel (a): Magnetisation measured along the ab plane (circles)
and c-axis (squares) of La; 5Sr; sMn,O7. Filled and open shapes denote the
magnetisation response to H=0 T and H=0.5 T respectively. Panel (b):
Scaled magnetisation curves, demonstrating the ferromagnetic ordering tem-
perature for the ab plane and c-axis at 125 K.

As can be seen by the open shapes in Fig. 5.8, denoting the mag-
netic response in a field of 0.5 Tesla, the ab plane and c-axis of layered

Laj Sr; §MnyO7 at 20 K have an induced magnetisation of approximately 13
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and 8 emu respectively. The sample remains magnetised to about 100K as
the temperature is increased. As the temperature further increases through
a narrow temperature band from 7, ~125K to 150 K the spins become ran-
domised and the magnetisation decreases to near zero. The near-zero tem-
perature magnetisation M (T — 0) of the c-axis is about 60% that of the ab
plane. Similarly, for the spontaneous magnetisation measured in zero field,
denoted by solid squares and circles for the c-axis and ab plane responses re-
spectively, as the temperature is warmed through the same narrow band, the
magnetic order along the c-axis is destroyed. Along the ab plane this order
also decreases, but settles at a magnetisation level in its paramagnetic state
of ~ 1.5 memu. This is twice as great as the low-temperature saturation
magnetisation of the c-axis and several times greater than the paramagnetic
state level of the c-axis magnetisation. Nonetheless, as seen in panel (b) of
Fig. 5.8, when these curves are normalised to their low-temperature value,
they all collapse onto an identical curve showing ferromagnetic order below
the transition temperature band between 125K and 150 K. Note that, in
panel (b), the left y-axis applies to the ab plane response in ambient field,
and the right y-axis applies to the other 3 curves.

The resistivity curves of Fig. 5.1 also show that the ab plane of the
material has an insulator—metallic-like transition at 125 K. At all tempera-
tures the c-axis resistivity is 2 orders of magnitude higher than the ab plane
resistivity, closely mapping the shape of the ab plane curve. Both c-axis
and ab plane resistivity display the same sharp transition at 125 K. Thus,
ferromagnetic order and the sharp increase in conductivity occur at a coin-
cident temperature, in accord with Double Exchange pictures applied to the

pseudocubic manganites.

5.2.2 al(w,T) for Laerl_gMn207.

Description of mid-IR o, (w,T)

Figure 5.9 displays the temperature-dependent ab plane and room temper-
ature c-axis conductivity in the energy range of 0 < w < 5000 cm™'. Plot-

ted as open shapes on the y-axis are the DC conductivity values from the
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temperature-dependent ab plane resistivity measurements[63]. We discuss
the spectra methodically, in order of decreasing temperature, starting with
the c-axis spectrum at 295 K. This displays three quite broad phonon fea-
tures (displayed separately and discussed later), a gap-like feature between
600 cm™! and 800 cm™!, and then a gentle rise in the mid-IR conductivity
value. The far-IR conductivity is very low, consistent with the high DC re-
sistivity of this material. The mid-IR &(w,T’) is not measured for the c-axis
of this sample, but the temperature-dependence of the c-axis conductivity
has been shown[26, 63] to be very slight in the mid-IR and visible regions.

The ab plane conductivity at 250 K also displays three prominent phonon
features in the far-IR. The reader is referred on a few pages for a blow-
up of this region in Fig. 5.10(a). These three in-plane modes at w =~ 160
em™!, 350 cm™!, and 610 em™! (refer to Table 5.2) will be, in like manner
to the pseudocubic material, respectively referred to as the low-energy, mid-
energy, and high-energy modes of vibration. It is interesting to note that Lee
and coworkers[71] have assigned the high-energy mode to the “stretching”
vibration by analogy with the pseuocubic manganite assignments[22]. In the
250 K spectrum, the conductivity rises to form the low energy side of a broad
mid-IR absorption feature which has been previously observed to peak at 1.2
eV (10000 cm™?) for T > T,[26, 63, 71]. At 200K the spectral weight in the
energy range of 650-2000 cm~! decreases slightly, implying a narrowing of the
1.2 eV (10000 cm™") band, which has been previously noted[26, 63, 71]. The
200 K and 250 K spectra are otherwise very similar. As the temperature drops
further to 150K, the conductivity level in the frequency range of 700-5000
cm™! increases, but with little difference in shape from the other 7' > T,
spectra. There is little discernible temperature-dependence in the phonon
modes above T,.

At 125 K, the material begins to move through its paramagnetic insulator—
ferromagnetic metal transition and spectral changes become more dramatic.
In the far-IR, the phonon modes, though of comparable strength to the
T > T, spectra, are superimposed on a broad far-IR absorption feature,
which is rounded, peaking at 300 cm~'. The high-energy mode displays
an increase in frequency and significant broadening. The spectral weight
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Figure 5.9: Temperature-dependent o)(w) spectra for La;sSr;gMnoO7 to
5000 cm~!. Note that the temperature increases from the top line to the
lowest line. DC conductivity values, at the temperatures indicated in the
legend, are plotted as shapes on the y-axis.

has increased in the entire mid-IR range measured, with a distinct inflexion

! as though demarquing a cut-off between differ-

point at w =~ 3500 cm™
ent absorptions. For energies greater than this the gradient of the rising
conductivity slope becomes steeper. Moving below T,, at 100 K the far-IR
absorption background more than doubles in magnitude from its 125 K con-
ductivity value, remaining rounded in shape with no Drude-like turn up at
low frequency. The high-energy mode shows a marked increase in weight at
100 K over and above the increase in far-IR background weight. This change
occurs very abruptly between 125 K and 100 K. The frequency of the mode,

however, appears to have decreased back to its 7" > T, value.

The spectra at 100 K and below show a pronounced gap-like feature at
w =~ 700 cm™!, suggesting quite a distinct separation of the far-IR and mid-
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IR absorption bands. As the conductivity of the mid-IR part continues to
grow with decreasing temperature, a peak centred at w ~ 2000 cm™! begins
to push up from the low energy flank of the broader mid-IR band. The
shapes of the 75K, 50K and 10K spectra are largely similar, though the
conductivity continues to grow in this temperature range as temperature
decreases. The broad far-IR absorption feature peaks at w =~ 300 cm™!,
or a little lower in energy than the mid-energy phonon, with a magnitude
of o7 &~ 1250 Q'em™!. Unusually, after its abrupt increase in strength at
100K, the conductivity peak of the high-energy phonon remains the same as
the temperature is decreased to 10K, the background in a sense “catching
up” with this Mn-O bond stretching absorption. The shape of this phonon
is remarkably reminiscent of a Fano-like absorption, an asymmetric peak
resulting from lattice-electron continuum interaction. However, it is also in
a region of high uncertainty due to the reduction process. We, thus, resist
any temptation to fit the feature to a Fano resonance. By contrast with
the material’s pseudocubic counterpart, La,_,Sr,MnQ3, entering its metallic
phase [25, 30, 34, 61, 72] the phonons persist in strength despite the rising
background as the temperature decreases. Screening is clearly less important

for the layered materials due to a reduced carrier density.

Description of far-IR o, (w,T)

Figure 5.10 (a) displays temperature-dependent ab plane conductivity spec-
tra in the far-IR. On the y-axis are plotted DC conductivity values from
reported DC resistivity measurements. Assuming a gradual continuation of
the rounded background, discussed in the last subsection, to a zero frequency
value for each temperature, it appears that the ellipsometric optical con-
stants, extrapolated to zero frequency, are in agreement with the reported DC
conductivity values. The shape of the conductivity background for T' < Ty,
rounded and increasing in spectral weight and peak magnitude as temper-
ature decreases, shows no Drude-like turn up as would be expected for a
metallic material. For T' < T, the shape of the low frequency absorption in-
dicates that the Drude model alone is incompatible with the La; 5Sr; sMnsO-
metallicity.
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In their optical study of La; »Sr; sMn,O, Ishikawa and coworkers[63] fit
their data to a Drude model for all temperatures and present a comparison
between predicted and measured DC conductivities. They find quite good
agreement for T >100 K, that is, in the insulating phase, but further into the
metallic phase observe the Drude DC conductivity is at least 2.5 and up to 4
times greater than the measured DC conductivity. Both that study and this
work clearly indicate that a Drude description must either be seriously revised
or thrown out the window before being applied to the layered manganites.

We leave the already amply discussed ab plane conductivity now, to dis-
cuss the far-IR c-axis conductivity shown in figure 5.10 (b). There is some
striking temperature-dependence in this spectrum which has not been previ-
ously investigated. At 250K there are four main peaks in the spectrum, at
w ~165 cm™!, 190 em™!, 340 cm ™! and 480 cm™! (see actual values in Table
5.2). The doublet of lowest energy modes are probably oscillations associated
with the heavy rare-earth ion. For convenience of further description we refer
to the doublet collectively as the low-energy mode.

With an increase of temperature above T, the low-energy and mid-energy
modes show a well behaved anharmonic broadening and softening. The high-
energy phonon at 480 ¢m™~! displays unusual temperature-dependence. An
increase in spectral weight accompanies the decrease from 250 K to 200 K.
The mode weight then decreases with the temperature decrease to 125 K. At
125K the mode begins to show a growth at its higher energy side, which
becomes more pronounced with decreasing temperature. At 75K and below
there is a clearly discernible split to two phonons.

Another interesting temperature-dependent feature is the increase of spec-
tral weight, or what we term a “filling”, either side of the 340 cm™!, mid-
energy phonon. This shows an onset at 125K, with the most dramatic in-
crease occuring between 125K and 100 K. The absorption increases further
with each step down in temperature. The absorption begins to saturate at
90 K, reaching an apparent maximum at 10 K. There are some points to note
about these features. First, the “fillings” appear to be isolated to the inter-
phonon region. Apart from an abrupt increase in the mid-energy phonon
peak height at 150 K, the strength of the doublet and the mid-energy mode
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remain virtually unchanged. The “filling” effect does not appear to be affect-
ing the shape or strength of any of the three lowest energy phonons. Secondly,
no “filling” is observed between the phonons of the low-energy doublet. This

1

is in spite of the fact that the saturated filling level at 220 cm™" is almost

1

as great as the peak conductivity of the 165 cm™" member of the doublet.

Finally, no absorption increases are observed for w < 150 em™! and w > 570
cm™ L,

Contrasting the positions of the modes in Fig. 5.10 reveals that the
energy of the ab plane low-energy oscillation matches that of the lowest energy
member of the c-axis doublet, at 165 cm~!. The higher energy member sits
at 190 ecm™!. An extra peak near the energy of this mode is seen in the
pseudocubic La;_,Sr,MnOj at substitution levels of 0.15, 0.16, 0.18 and 0.2
in [72] and a doubling of the “rare earth” mode at z=0.175[30, 61]. However,
the doubling effect at these substitution levels is washed out by the increase
of Drude weight as the temperature decreases into the materials’ metallic
phase. A doublet is not observed for the corresponding substitution level
of z=0.4 in the pseudocubic material. Its appearance in the optical spectra
is undoubtedly due to the radically different symmetry of the n = 2 lattice
in the c-axis direction compared to the n = oo crystal. However, without
lattice dynamics calculations for this structure, we are at this time unable to
assign the extra phonon to the vibration responsible for it.

The positions of the mid-energy modes appear at much the same fre-
quency, with the c-axis mode softer by 5 cm~!. The position of the ab plane
and c-axis high-energy modes however, at 610 cm~! and 480 cm™!, are very
far removed from each other. However at this stage it can merely be asserted
that these shifts exist. It is tempting to blindly assign the modes to the
“rare earth”, “bending” and “stretching” phonons, in order to facilitate a
deeper discussion. However these mode assignments strictly apply only to
the pseudocubic materials. Which atoms are actually contributing to the
modes seen in Laj »Sr; §Mn,O7 is a question only answerable by lattice dy-
namics calculations which, as mentioned, are not yet available for the layered
manganites.

In Table 5.2, we display a comparison of the phonons for all of the man-
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Sample | Lo-energy | Lo-energy (¢) | Mid-energy | Hi-energy

La;_,Ca,MnO; || 295K | 75K 205K | 75K | 295K | 75K
z=01]| 162 - 345 - oT7 -

z=0.265| 173 | 176 350 | 343 | 583 | 600

Laj 9Sr; sMnyO7 || 250K | 10K | 250K | 10K | 250K | 10K | 250K | 10K

ab plane || 163 | 162 - - 348 | 350 | 612 | 600

c-axis || 167 | 166 | 189 192 339 | 344 | 480 -

PrSroMn,O7 || 295K | 10K | 295K | 10K | 295K | 10K | 295K | 10K

ab plane || 165 | 164 - - 348 | 352 | 610 | 616
c-axis || 170 | 174 | 198 202 342 | 346 | 495 | 503

Table 5.2: Phonon frequencies in ecm™' (£1em™') of the manganite com-
pounds investigated in this study. The phonons are given for the high (295 K
or 250K) and low (75K or 10K) extremes of temperature for which mea-
surements were made.

ganite samples measured, including the principal modes of the yet-to-be dis-
cussed PrSroMn,O7. For each sample the phonon frequency for each of the

high and low extremes of temperature has been recorded.

Frustrated Drude response

It is certainly not unusual that metallic materials can exhibit such an odd
Drude response, as observed for the ab plane of La;2Sr;sMny,O;. There
are various localisation models which have been devised to explain elec-
tronic behaviour in disordered systems. These systems include conduct-
ing polymers[73], high 7, superconductors[74], and even so-called simple
metals[75]. We will not discuss these here, except to mention the Localisation
Modified Drude (LMD) model, which has been applied to other manganites.
The LMD model follows from Anderson localisation and, in contrast with the
Mott insulator[76], is due to disorder in the system. Anderson localisation
has been suggested as an explanation for the large and broad far-IR &, peaks
observed in the pseudo-cubic manganites, Lag 7_, Pr,Cag 3sMnO3 (y=0.13, 0.4,
0.5)[65]. All three of these spectral sets display a peak increase in o of the
order of 10 2 'em™! with the decrease in temperature from 290K to 20 K.

Given that these conductivity increases are of comparable magnitude to that
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observed in La; »Sr; §MnyO; between 100 and 700 cm™!, it appears possible
that Anderson localisation could explain the charge dynamics in the layered
manganites. While Mitchell and coworkers[77] assert that La, ,Sr; gMnyO7
does in fact become more disordered in structure with decreasing tempera-
ture, and disorder effects have been predicted as possibly important in man-
ganites [78, 79], at this point we can only say that the data is consistent by
analogy, with the LMD model of disorder, and hence Anderson localisation.

Having meticulously described the data, we turn now to an analysis. In
the next section, the broad absorption bands in both the ab plane and the
c-axis spectra are investigated. The subsequent section will address the issue
of the in-plane carrier dynamics of the material, and how to explain the non-
Drude low frequency absorption. A final section will deal with the striking
temperature-dependence seen in the high-energy mode of both ab plane and

c-axis.

5.2.3 Spectral weight changes

In this subsection we investigate temperature-dependent spectral weight
changes observed in La; »Sr; sMny,O; spectra. We discuss the ab plane re-
sponse first, the c-axis response second, and finally present these together in

a comparison.

ab plane

Pictured in Fig. 5.11 are the temperature-dependent spectra of the ab plane
Lay 5Sr; sMnyO; with the 250 K spectrum subtracted off. This removes the
“room temperature” component of the mid-IR 1.2 eV (10000 cm™') peak,
and enhances our view of the broad 2000 em~! (0.25 eV) peak considerably.
The 0.25 eV feature in this dataset has not been observed previously and is
characterised by a dramatic increase of spectral weight with decreasing tem-
perature. It also displays an apparent independence of its frequency position
with temperature. Unlikely to be due to an electronic transition(consult ref.
[?] for band structure information), features at this energy have been mod-
elled by electron-phonon interactions[80]. It appears to be a different feature
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Figure 5.11: Temperature-dependent o,(w,T)-01(w,250K) spectra for ab
plane La; 5Sr; §Mn,O5.

to that modelled by Lee and coworkers|71], who found ¢;(w) by normal inci-
dence reflection for La; oSr; sMnyO7. They fit the 1.2 eV (10000 cm™!) band
with 2 oscillators, a temperature-independent on-site d-d transition at 1.5
eV (12000 cm™!) and a polaron absorption at around 0.6 eV (5000 cm™!).
Their “polaron” has a temperature-dependent energy decrease from 0.75 eV
(6000 cm™') at 295K to 0.58 eV (4700 cm™') at 10K. This occurs via an
intermediate increase to 1 eV (8000 cm™') at 7, = 126K. However, unlike
the 0.25 eV (2000 cm™!) feature here, the spectral weight of their “polaron”
is temperature-independent. The temperature-dependence of the spectral
weight here is now investigated.

For ease of further description, the net spectral weight increase seen, for
example, as the area underneath the curves in Fig. 5.11, is now defined as

o(T) = / " (0u(T) - 01(250 K))do, (5.1)

wi

VICTORIA UNIVERSITY OF WELLINGTON
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where w; and wy, are the low and high frequency integration limits respec-
tively. For the ab plane, ¢(7") was calculated in two different energy regions;

1 !, incorporating the broad 300 ¢cm™!

between w;=0 cm™" and w,=700 cm™
peak observed in the far-IR (phonon contributions were removed), and be-
tween w;=700 cm™! and w,=4000 cm ™!, encompassing the even broader 2000
cm~! peak. The results of this analysis will be presented in a later subsection.

As an aside, we note that the display choice in Fig. 5.11 also highlights
frequency changes in the phonon modes. These are signalled by the appear-
ance of asymmetric features in spectra for which the mode has shifted from
its 250 K position. The hardening in the high-energy mode at 125K, and
resoftening for T < T,, is evidenced in the asymmetric feature in the 125 K
spectrum. By contrast, the mid-energy mode exhibits a hardening which sets
in at 125K, but persists to the lowest temperatures. The low-energy mode
shows no shifts in frequency, however its strength is observed to decrease at
125K and 100K, as evidenced by a dip in 01(7") — 01(250 K) at this energy.

It is restored to its 250 K weight at temperatures of 75 K and below.

c-axis

If the spectral weight being transferred to the c-axis “filling” features were
due to being removed from the high-energy doublet (refer to Fig. 5.10(b)),
there would be little variation in overall far-IR weight with temperature. In
order to investigate the origin of the “filling” weight either side of the mid-
energy mode, we calculate the integral sum of the conductivity in the far-IR
for all temperatures. The integral sum of the c-axis conductivity, in the form
of the effective number of carriers N.s; from equation 2.58, is displayed as
solid circles in Fig. 5.12 as a function of temperature, up to an energy of
600 cm~!, or 75 meV. As the temperature decreases, an increase in N, sy of
3.5x107° is observed between the average T' > T, value (3.35x107%) and that
at 10K (3.7x107*). This constitutes an increase in the number of carriers
in this region of 10%. This is significant in comparison with the uncertainty
in Ngs; of 2%. The overall increase in the low-temperature far-IR spectral
weight implies that charge has been transferred from a higher energy than
the far-IR. As this is outside the measurement range nothing more can be
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Figure 5.12: Temperature-dependence of the effective number of carriers Ny
to 75 meV (600 cm™!) for the c-axis of Laj 5Sr; sMnyO7. The dotted line is
an indicator of possibly temperature-independent behaviour for 7" > 125 K.

said except that, in comparison with the ab plane, there is a small shift of
spectral weight to the low energy region from higher energies.

We now turn to our investigation of the temperature-dependence of the
c-axis “filling” weight using the definition of equation 5.1. The limits of in-
tegration were taken as w; = 209,412 cm™! and w, = 279,463 cm~!. Results
of this calculation are discussed and compared with the ab plane calculations

in the ensuing subsection.

Comparison of spectral weight changes

We finally come to a comparison of the ab plane and c-axis spectral weights
proclaiming, from the outset, that ¢(7") displays a strikingly similar behaviour
for all of the absorption features highlighted, ab plane and c-axis alike. For

display purposes, all calculations of ¢, the spectral weight change, were nor-
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malised using

e S(T) —<(200 K)
Hi= s(10 K) — (200 K)*

Fig. 5.13 shows the results of calculating the spectral weight temperature-

(5.2)

dependence as described in the previous two subsections.
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Figure 5.13: Magnetisation compared with temperature-dependence of
normalised spectral weight changes, or ¢(7'), in ab plane and c-axis
La; 5Sr; sMn,O7. See text for more detail.

By following the guide-to-eye lines in Fig. 5.13 we note that:

1) ¢(T) for the 300 cm~! (filled squares) and 2000 cm™! (filled circles)
peaks seen in the ab plane show similar temperature-dependence; a grad-
ual rise over a band of ~ 150K as temperature decreases. The 2000 cm™!
absorption increases at a greater rate with temperature.

2) ¢(T') of the c-axis “fillings” in the two regions of 230 em™* (open down-
pointing triangles) and 430 cm™! (open up-pointing triangles) show almost
identical temperature-dependence.
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3) ¢(T) calculated from the sum of these two c-axis “fillings” (open dia-
monds) has similar temperature-dependence to ¢(7") for the ab plane absorp-
tion features.

The correlation between the behaviours described above is quite striking.
It suggests that the driving mechanism behind each of these features is one
and the same. To try and identify what that mechanism could be, we also
show in Fig. 5.13 a magnetisation curve from Fig. 5.8. The c-axis, H=0 T,
curve has been selected for display, but because the behaviour of M(T') at
T, appears to be independent of field and crystal orientation, this choice is
fairly arbitrary.
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Figure 5.14: Temperature-dependent Double Exchange bandwidth (solid
line) compared with temperature-dependence of spectral weight changes in
La1,28r1_8Mn207.

Immediately obvious is that the temperature-dependence of ¢(7") does not
correspond very well to that of the magnetisation. The frequency-dependent

carrier response is much more gradual than the onset of ferromagnetic order.
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It is well to point out, however, that the magnetisation measurement probes
the long range magnetic order, but gives little information on short range
magnetic correlations. On the other hand, oy (or ¢(7")) is more susceptible
to local interactions. Thus the observation that M(7') and ¢(7T') are not
well correlated does not necessarily imply that the absorption increase is not
associated with magnetic order. Indeed the fact that the onsets occur at the
same temperature suggests a similar underlying physics.

Turning to Fig. 5.14 however, we observe that the shape of the tempera-
ture-dependence of ¢(7") corresponds quite well to the temperature-dependent
Double Exchange bandwidth, which was discussed in section 5.1.2. This
implies that a polaron could be important in describing the unusual features
in La; 5511 §MnyO7. Indeed, we have already speculated on the possibility of
the 2000 cm™! feature as being polaronic. However, further discussion can

only be speculative, and we therefore now alight from this train of thought.

5.2.4 High-energy mode phonon analyses

The IR response of the highest energy manganite phonon is special, in that,
by in all likelihood probing the length of the Mn-O bonds, their temperature-
dependence, differences between their lengths in the octahedra, it can be an
indicator of orbital or charge ordering in the material. We have seen already
that the c-axis mode splits at low temperature, and that the frequency of
the ab plane mode shows anomalous behaviour at 7.. We present analysis of
these phenomena in this section.

Fig. 5.15 displays the integrated spectral weight for the highest energy
ab plane phonon and its variation with temperature. As the material passes
through 7T, there is a factor of 4 increase in the phonon spectral weight, which
occurs over a very narrow temperature range of about 25 K. Displayed in the
inset is the temperature-dependent spectral weight of the two lower energy
phonons. By contrast, there is only a slight increase in spectral weight of
the mid-energy mode as the temperature increases. The low-energy mode
appears to be temperature-independent.

Fig. 5.16 displays the frequency of the high-energy mode in the ab
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Figure 5.15: La; 2Sr; §MnyO7 ab plane phonon spectral weights. The larger
uncertainty for the high-energy mode weight is due to being in the region of
ellipsometry data decoupling.

plane conductivity and its variation with temperature. As discussed pre-
viously, and observed quite clearly in this diagram, this phonon stiffens sig-
nificantly at 125 K. The high-energy mode stiffening was also observed by
Lee and coworkers[71]. From their oy (w,T) spectra they also calculate the
temperature-dependence of the centre frequency (w,) of the 1 eV (8000 cm™!)
peak ascribed to a polaron absorption, and the temperature-dependence of
the gap energy between the mid-IR and far-IR absorptions. Comparing these
with the temperature-dependence of the centre frequency, w,, of the high-
energy mode, they find that the temperature-dependence of these 3 energies
correlate well, each showing a peak at T, with softenings for T < T, and
T > T,. The authors concluded that such a correlation is evidence of cou-
pling and interplay between the charge, spin and lattice degrees of freedom.

From factor group analysis we expect to see 5 c-axis phonon modes. As-
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Figure 5.16: La; 2Sr; §MnyO7 ab plane high-energy mode frequency shift.

1

suming then that the high-energy phonon at 480 cm™' is composed of 2

indistinguishable Lorentzian oscillators at 7' > T,, and that what we termed

!is actually the low energy side of

a “filling” in a previous section at 430 cm™
a phonon, we fit the 480 cm ™! absorption feature with a doublet for all tem-
peratures, and show the resultant change in frequency, width and strength
in Fig. 5.17. We note, before going any further, that this analysis assumes
that a local environment approximation is applicable in this instance. Due to
the long range correlations in any crystal, this serves to qualify these results
somewhat. However, the analysis remains of some interest.

We observe in panel (a) that the separation energy of the two phonons
almost doubles, from 30 ecm~! to 57 em™!, as the temperature decreases
from 125K to 10 K. The width and strength of each of the phonons show a
crossover at 100 K and 125 K, respectively, with decreasing temperature. The

higher energy phonon is dominant in spectral weight for 7" > T, decreasing
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Figure 5.17: (a) centre frequency, (b) energy width and (c) strength of the
high-energy mode c-axis phonons in La, St sMnyO5.

in significance as the spectral weight of the lower energy phonon increases,

and the material passes into the low temperature ferromagnetic phase.

An anomaly has been observed in neutron powder diffraction measure-
ments of the unit cell dimensions of La; 5Sr; sMnyO7[77, 81], which involves
an abrupt dilation of the c-axis lattice constant just below T, accompanied
by an abrupt contraction of the a lattice constant. Further observed is what
Mitchell and coworkers[77] term a “five long, one short” geometry, that is,
five of the six Mn-O bonds in the octahedron having lengths essentially the
same, with the Mn-O(2) bond length (that closest to the rock salt insulating
layer) being measurably longer for 7' < T,. This geometry is a consequence
of Jahn-Teller distortion in the layered manganite, which, by contrast with
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the perovskite manganites, is enhanced in the ferromagnetic regime. The
lowering of the symmetry of the lattice lifts vibrational degeneracies and can
give rise to the appearance of new phonon modes.

Given this information, we may suggest a possible explanation for the
splitting of the high-energy mode. That is, the Mn-O bonds in the octahedra
along the c-axis have split into two distinct lengths. For this change in lattice
structure to give rise to a new phonon requires many conditions to be met:
long-range correlation, or order, allowing the propagation of the phonon, the
new phonon being optic, and the new phonon being IR active.

As it happens, at 20 K, the c-axis “one long, one short” discrepancy be-
tween the Mn-O bond lengths is 2.003 A compared to 1.936 A, or 3.3%. This

! splitting in the phonon.

is not in itself enough to account for the 57 cm™
Indeed, as already mentioned, to explain a phonon doubling as a result of
bond length differences assumes that a host of other conditions are also met.

For further elucidation this issue must now be left to further work.

5.3 Layered Pry_5,Sr; 9, MnyO7.

The 2=0.5 doped materials represent a special subset of the manganites
which show the effects of charge order. Signatures of this behaviour have been
observed most extensively in LaSroMnyOy7; in the resistivity[82, 83, 84, 85],
magnetism|[82, 84, 85|, transmission electron microscopy[83] and electron and
x-ray diffraction measurements[85, 86]. An optical study of one n=2 member,
LaSroMnyO7, has been published[26]. The size of the lanthanide substitute
ion has been observed to play a significant role in the structure and carrier
dynamics of the layered materials, with the La ion, the largest, exhibiting the
greatest degree of correlation of interatomic spins, thereby encouraging max-
imum ferromagnetic exchange interaction between Mn ions for example[87].
It has also been suggested that the compounds with larger lanthanide ions
result in materials in which antiferromagnetic clusters coexist with the fer-
romagnetic phase[88]. In a continuing investigation of the properties of the
series, the logical progression of experiments is to follow the well known lan-
thanide contraction across the table. Given that the ionic radius of Pr is 1.28
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A compared to the La ion’s 1.32 A, we follow this progression by presenting
an optical study of Pry_g,Sr419,Mn,07 (2=0.5).

Optical studies for members of the n=2 series have to date been performed
only for Las_ 9,811 42, Mny07[26, 63, 71]. To the author’s knowledge this
dataset represents the first attempt to determine o(w) on a non-La doped

member of the n=2 Ruddlesden-Popper series.

5.3.1 Magnetisation
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Figure 5.18: Magnetisation data with the applied field of 0.05 T parallel to
the c-axis and ab plane of PrSroMn,O;. The dotted line between 50 K and
100K is a guide to the eye.

M (T') was measured for both crystal directions of the PrSroMn,O7 sample
that was used in the optical experiment, in exactly the same manner as de-
scribed for the La; oSr; gMnyO7 sample. The result is displayed in Fig. 5.18.
For a small applied magnetic field, H=0.05 T, the ab plane magnetisation at



124 CHAPTER 5. OPTICAL CONDUCTIVITY OF...

20K is 5 memu. This increases to a maximum of 7.5 memu at Ty ~ 130K,
plateaus to 150K and then decreases again as the temperature is further
increased. This behaviour signifies an antiferromagnetic transition at 130 K,
the low magnetisation at low temperature due to anti-aligned spins cancelling
the overall magnetisation of the system. The c-axis magnetic susceptibility
measurements rather display a featureless curve, reminiscent of paramagnetic
behaviour. This indicates that there are no long-range correlations along the
c-axis. Magnetisation measurements available for other large cation doped
n=2 materials, that is, LaSroMn,07[84] and NdSr,Mn,0,[84, 87], display

similar ab plane behaviour.

5.3.2 o0, by ellipsometry of ab plane and c-axis
PrSroMn; 05,

Figure 5.19 shows the reduced real part of the conductivity (from hereon
simply referred to as o;(w)), for 0 < w < 700 cm™!, at various tempera-
tures measured by ellipsometry for (a) the c-axis, and (b) the ab plane of
PrSryMn,O7. Turning firstly to the c-axis o;(w) we see four phonon modes
centered at w ~ 170 ecm™', 200 em™', 345 ecm~! and 500 cm~! (see Table
5.2). In like manner to the La; 5Sr; sMnyO7 c-axis spectrum, the two lowest
energy modes form the low-energy doublet, the 345 cm™! feature the mid-
energy mode, and the 500 cm~! peak the high-energy mode. The 345 cm™!
mode carries the greatest spectral weight of the c-axis modes and is quite

! mode is more Lorentzian-like, and car-

asymmetric in shape. The 500 ¢cm™
ries less weight than the neighbouring high-energy mode. The low-energy
doublet bears the lowest spectral weight of all the phonons. The reader is
reminded that a comparison between the frequencies of the phonon modes
for the different manganites studied, appears in table 5.2 of section 5.2.2.

In stark contrast with La;»Sr;gMnyO7, the temperature-dependence of
the c-axis phonon modes is minimal. A slight broadening and softening of
all four of the modes is observed as the temperature is increased. This can
be attributed to anharmonic effects. The highest conductivity peak value

in the c-axis spectrum is that of the mid-energy mode, and is less than 200
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Figure 5.19: Temperature-dependent o, (w) spectra for the c-axis (a) and ab
plane (b) of PrSryMn,07 to 700 cm™.
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Q 'em~!. The low frequency end of the data tails off as w — 0, to a very
low conductivity also, signalling insulating behaviour along the c-axis.

Before discussing the striking temperature-dependence of the ab plane
01(w), a foundational discussion of the ab plane room temperature modes
is first laid. The spectra for 7' > Ty=125K will then be discussed, lastly
describing the temperature-dependent behaviour that is brought about, as
a result of the antiferromagnetic ordering and possible charge-ordering, for
T < Ty.

At 295K (the solid line in Fig. 5.19(b)) o1(w) is low across the far-IR
frequency region, only punctuated by three phonon modes at w = 165 cm™!,
350 em~! and 620 cm™!, which are again labelled low-energy, mid-energy
and high-energy modes respectively. The low-energy mode is quite sharp
and symmetric is shape, in contrast especially with the mode at 350 cm™!,
which is broader than the 165 cm™' mode and asymmetric. It has a sharp
slope on the low energy side, and a distinct inflection point on the high
energy side which gives way to a slope of shallower gradient as w increases.
The high-energy mode displays a curious turn-up at 650 cm~'. However, the
uncertainty is known to be high in this frequency region due to the reduction
process (see Appendix A). Further discussion of this mode will be deferred
to the presentation of the conductivity, by normal incidence reflection, in
section 5.3.3.

Turning now to the 200K (short dash), and 150 K (dash dot dot) oy (w)
spectra, we observe very little temperature-dependence for T' > Ty at fre-
quencies less than 550 cm™!. The level of o;(w) decreases slightly between
295K and the 150K and 200 K spectra. Though barely distinguishable in
the given figure, a new mode appears in the 200 K and 150 K spectra at 220
em~! 2, Fluctuations in the shape of the high-energy phonon, again, should
not be interpreted due to the large uncertainty in this area.

Now turning to the 7" < Ty spectra, in which the PrSroMn,0O; sample

is in its antiferromagnetic phase, one of the most significant temperature-

2A similar feature at 450 cm~! in these spectra we do NOT attribute to a phonon

vibration. Instead, it is clearly a residual signature of a strongly interacting c-axis com-
ponent in the ab-c pseudo-dielectric function (see Appendix A). The ab plane and c-axis
reduction process removed most signs of this feature.
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dependent features is an increasing o;(w) level, which occurs right across
the far-IR energy region. The spectra at different temperatures converge in

o1(w) magnitude only as w — 0 em™!,

It appears that this overall rise is
also contributed to by increased absorption from new IR active phonons that
appear in the antiferromagnetic phase, but we will first qualitatively discuss
the temperature-dependence of the phonon-independent background. Just
below Ty at 100 K (dash dot), the o1(w) level has lifted to just above 100
Q7 lem™! in the frequency region between the low-energy and high-energy
phonons. The background level gradually rises as the temperature further
decreases through 80K and 60K to 10 K. At 10K the average interphonon
o1(w) value is now =~ 200 Q~'em~!. The gradual increase of the background
was observed in the n=2 layered LaSr,Mn,O; compound also[26]. We will

speculate on the reason why this absorption is seen in a later section.
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Figure 5.20: Temperature-dependent o1 (7, w) — 01(295 K, w) far-IR spectra
of ab plane PrSroMn,O7 by ellipsometry.
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We have mentioned that the rising conductivity background also involves
contributions from both a growth in the existing phonon strengths, and the
appearance of new IR active phonons. We will initially focus on the new
modes and discuss each in order of increasing energy. To do this more effec-
tively, we display the o1 (T, w)—0,(295 K, w) spectra between 50 and 550 cm™*
in Fig. 5.20. In like manner to Fig. 5.11, in discussion of the La; Sr; §Mn, O~
sample, subtracting the room temperature component uncovers hidden fea-
tures and is also an indicator of energy shifts of the phonons. The frequencies

of these modes are presented a few pages on, in Table 5.3.

The first new feature becomes apparent in the 80 K spectrum at 125
ecm~!, becoming more prominent in the 10 K spectrum where it peaks at 130
em~!. The existence of this broad and very weak feature is, in fact, more
convincingly displayed in Fig. 5.19. Returning to Fig. 5.20, a small mode

!'in the 100K spectrum, growing gradually in strength

appears at 180 cm™
with decreasing temperature. More spectacular is the increase of spectral
weight, with decreasing temperature, of the 220 cm~! mode that we argued
first becomes apparent at 200 K. As with all of the features discussed so far,

1

the increase in the weight is gradual. The 220 ecm™" mode has a slightly

asymmetric shape at all temperatures. Moving along, what appears as a

shoulder on the low energy side of the 350 cm™!

, mid-energy mode, at 100 K,
is transformed by the o1(T,w) — 01(295K,w) display into an asymmetric
broad peak centred at 310 cm™!. Unsurprisingly, this feature grows gradually
as the temperature decreases. Lastly, a shoulder on the high energy side of the
mid-energy mode becomes more prominent in the Fig. 5.20 display. Centred
at 400 cm ™, this feature displays the same gradual increase of spectral weight
that characterises all of the phonons in PrSroMn;O7.

In other ways, that is, in terms of frequency shifts, the low-energy and
mid-energy modes show a unique temperature dependence. A growth in the
weight of the 160 cm~! mode between room temperature and 200K is evi-
denced by a residual peak in the o7(200K, w) — 01(295 K, w) spectrum. The
asymmetry in this peak implies a frequency shift of the low-energy mode. The
strength of this peak changes very little as the temperature is decreased, al-

though its asymmetry increases, belying the slight net energy shift brought
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Figure 5.21: Temperature-dependent R(w) spectra for PrSroMn,O7 to 13 500
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cm™ !,

about by anharmonic effects. The mid-energy mode displays an increase in
energy with decreasing temperature, as evidenced by the dramatic asymme-
try in oy (T, w) —01(295 K, w), but also just as obvious upon inspection of Fig.
5.19. The onset of this shift occurs abruptly between 150K and 100 K with
a magnitude of 3 cm™!. Although the total shift in the temperature decrease
from 295K to 10K is only 5 em™!, about that expected due to anharmonic
effects, the abruptness of the stiffening around Ty is rather curious. There

appears to be an increase in weight and a narrowing of the mode also.

5.3.3 04, of ab plane PrSrosMn,O; by normal
incidence reflection

Figure 5.21 shows the normal incidence reflectance measured from the ab
plane of the PrSroMn,O7 sample, at three temperatures which straddle 7;.
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Figure 5.22: Temperature-dependent oy .. (w) spectra for PrSroMn,O7 to 13
500 cm™L.

This measurement was performed over a greater frequency range than the
ellipsometry technique and pictured is data up to 13 500 em™!. At 295K,
the far-IR band is separated from the mid-IR region by a sharp dip in R(w)
at around 700 ecm™!, which then climbs up to its peak at about 3000 cm™!,
before tailing off as w increases. At 140K, the dip at the division between
phonon excitation and mid-IR band is more pronounced. The mid-IR band
peaks at a higher energy of about 4000 cm~'. The magnitude of R(w) is
greater than that of the 295K spectra for frequencies > about 2000 cm™!.
At 70K, the level of R(w) increases across the whole frequency range, only
dipping below the level of the 140 K spectrum at 11000 cm™!, the extreme
end of the mid-IR energy band.

The phonon spectrum has been discussed amply already from the ellip-
sometry result, and the normal incidence reflection measurement reproduces

those spectra for the most part, although the measured level of the far-IR
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reflectivity is lower (by about R=0.1) than that predicted by ellipsometric
optical constants (this is attributed to loss of light by scattering, discussed
further in Appendix C). The Kramers-Kronig transforms of these reflectances
are shown in Fig. 5.22. In order to extract the optical constants for the
sample, the reflectance was supplemented to zero frequency by a constant
extrapolation. The high energy region between 13 500 cm~! and 235000
em~! was filled with Jung and coworkers [23] data for the Lag7Cag3MnO3
polycrystalline sample, used previously (see section 4.2.1). Between 235000
ecm~! and 300000 cm™! an w~? dependence was used, and w™* decay beyond
that.

We noted previously that the normal incidence reflection reproduces the
far-IR phonon features of this sample for the most part. The appearance
of the three phonons at room temperature, the increase in interphonon ab-
sorption with decreasing temperature, and the appearance of new phonons
are all features which are reproduced. However, the reason why a discussion
of the highest energy mode was left until now is because of the outstand-
ing measurement differences in this phonon. By contrast with the fluctu-
ation in shape and change of spectral weight beneath the mode as mea-
sured by ellipsometry, with normal incidence reflection the mode shows little
temperature-dependence. If anything, it appears that the spectral weight
of the high-energy phonon decreases with decreasing temperature, in stark
contrast with the ellipsometry measurement.

We now focus our attention on the mid-IR region. At room tempera-
ture the mid-IR peak is centred at about 7500 em™!, or w =~ 0.9 eV. As
the temperature is decreased to 140 K, with the sample about to enter its
antiferromagnetic state, this peak appears to narrow on the low energy side
at least, and grows from a peak height of 1000 2 'em™! at 295K, to 1200
Q~'em™! for the 140 K spectrum. The width of the gap between the far-IR
and mid-IR regions increases, so that the onset of the mid-IR peak moves
from about 1500 cm~! at room temperature, to 2000 cm ™! at 140 K. At 75K,
well into the antiferromagnetic phase, the mid-IR peak has shifted to 5500
cm™! or 0.75 eV. The peak onset frequency has lowered to about 1200 cm™.
The spectral weight of the broad mid-IR peak is increasing with decreas-
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ing temperature, being presumably transferred from a higher energy than is
measured in this experiment.

Having described the results, we turn to a discussion. The features which
will be focused on are as follows:

1) The temperature-dependence of the mid-IR band just described and
how a polaron model can be used to explain this.

2) Possible explanation of the new modes in the far-IR spectrum.

3) The increasing absorptive far-IR background in the ab plane.

5.3.4 Mid-IR band understood as a polaron

An electron in an ionic crystal, and the associated pattern of lattice distor-
tion that can lead to its entrapment, is the quasiparticle known as a polaron.
In the manganites of this study, the crystal environment of the Mn e, elec-
tron is understood to undergo a Jahn-Teller distortion[89, 90]. This removes
the degeneracy of the e, orbital and traps the electron on the lower en-
ergy site, creating the Jahn Teller polaron. It has also been noted that, in
some materials[80, 91], electron-phonon coupling has significant effects on
the absorption of the phonon, giving rise to asymmetric Fano line shapes.
Certainly the temperature-dependent changes in phonon mode behaviours,
observed here in La; 5Sr; gMnyO7 and PrSroMn,O7, are strongly suggestive
of non-conventional dynamics.

The optical conductivity behaviours of polarons are modelled with dif-
ferent approaches by two authors[92, 93, 94]. Our approach is to examine
the differences between a large and a small polaron, contrasting the mod-
elled polaron conductivity behaviours with the observed spectral features in
PrSroMn,O.

A small polaron is an electron trapped in the coulomb field of one lattice
site. A large polaron is an electron that is localised on a number of sites.
Emin[92] considers the distinction between each of a small and large polaron
using separate Hamiltonians. In the first case, the Hamiltonian describes the
transition of the small polaron to a localised state on an adjacent site. In the

large polaron Hamiltonian, the energy promotes the polaron to a free carrier
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state.

The temperature-dependence of a small polaron has also been reported.
Emin[92] finds that, as the temperature decreases, the DC conductivity de-
creases, and the low-frequency free-carrier-like [ o) (w)dw decreases. In other
words, there is a decrease in low-energy spectral weight, which is transferred
to a band in the mid-IR. This is in contrast to that which is observed in
PrSryMn,O7, for which the spectral weight transfer is to lower frequencies
with decreasing temperature.

Millis and coworkers[93, 94] study the effects on the conductivity of ma-
terials with a continuum of carrier freedom; from fermi liquid to trapped
electron behaviour. Variation between the extremes is achieved by vary-
ing the degree of coupling of electron to phonons, using a parameter A; the
ratio of the lattice binding energy to the kinetic energy of the electron self-
trapped in the lattice. The distinctions between a large and a small polaron
are achieved by varying A\. They apply their polaron model specifically to
the CMR manganite conductivity.
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Figure 5.23: Calculated polaron absorption behaviour of the conductivity[94].
Upper and lower panels correspond to A=1.08 and 1.15 respectively. 7'=0.02
(light solid line), T = T./2 (light dashed line), T' = 3T, /4 (light dotted line),
T = T, (heavy solid line) and T" = 27, (heavy dashed line). Note that “o”
refers to oy, and that the frequency w is normalised to the polaron binding
energy.

Displayed in Fig. 5.23 is the modelled temperature-dependence of o (w)
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spectra with different A from reference [94]. The top panel has A = 1.08, cor-
responding to a scenario with an electron that is fairly well localised at room
temperature, but which is freed up as temperature decreases, as observed in
the DC conductivity increase. The bottom panel has A = 1.15, representing
a small polaron, or a very well localised electron.

The temperature evolution of the mid-IR conductivity band in
PrSroMn, 07 shows qualitative agreement with the lower panel of Fig. 5.23.
With respect to Ty, the temperatures presented in Fig. 5.22 are
70 K=0.54Tx ~T./2 (light dashed line in Fig 5.23), 140 K=1.1Ty ~T, (heavy
solid line in Fig 5.23) and 295K=2.3Ty =~ 2T, (heavy dashed line in Fig.
5.23). The shapes of the experimental data show striking similarities to the
theoretical spectra at corresponding temperatures. Both bands show a shift
to lower energies as the temperature is decreased. Both the bands grow in
spectral weight with decreasing temperature. In both cases the spectra at
T =~ T, also narrow and grow in peak height from their T' =~ 27, widths
and heights. The striking correlation implies that a polaron description as
presented by Millis and coworkers would be a suitable model for the data.
In that scenario, the PrSroMn,O7 mid-IR band can be interpreted as a po-
laron with a large electron-lattice effective coupling strength. The binding
energy from small polaron theory[92, 95], can then be estimated as being
0.4 eV (3200 cm™'), or about half the peak energy. However, the contrast
between the optical conductivity results, for the two small polaron models
described, makes us fairly circumspect about pitching in either camp, despite
the qualitative agreement of the PrSro,Mn,0O, data with Millis’ model.

5.3.5 Phonon analysis

We turn our focus to the low energy phonon region of the spectrum. As
discussed in section 2.4.3, factor group analysis for this crystal structure
(in the non-charge-ordered, paramagnetic state) gives the IR active modes
5Ag, + 6E,. The 5 Ay, modes correspond to z or c-axis excitations, and the
6 doubly degenerate E, frequencies to x,y or ab plane phonons. Only 4 of
the 5 expected c-axis or Ay, modes are clearly discernible in the measured
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far-IR o (w) of Fig. 5.19(a), however we remarked that the mid-energy mode
is asymmetric, and could consist of two indistinguishable phonons. Unlike
the c-axis optical spectra of Lag_9,Sr; 12, MnyO7 (z=0.4), for which the same
irreducible representation applies, which displays four modes in the far-IR for
T > T,, and five modes for T' < T, there is no temperature-dependence of
o1(w) along the PrSryMn,O7 c-axis. The inter-bi-layer interaction is weaker
in PrSroMnyO; than La;5Sr; sMnyO; due to the smaller radius of the Pr
dopant ion[87]. We have also observed that the magnetic signature of the
c-axis is that of a paramagnet. The best conclusion we can arrive at, is that
the absence of temperature-dependence in o;(w) is consistent with a weaker
c-axis orbital interaction, contributing to an absence of long range magnetic
order.

Turning to the ab plane modes, Table 5.3 tabulates the frequencies of
the modes observed in the ab plane of PrSroMn,O; at 10 K. The three most
prominent modes apparent at all temperatures are listed in bold face type,
with the assignments that have been applied to the pseudo-cubic manganites
[22].

w(m™) [ 130] 165 |180[220[310| 350 [400| 615
| | rare earth | ' | bending | | stretching

Table 5.3: Frequencies, of the observed far-IR modes for ab plane
PrSroMn,O; at 10 K.

As mentioned, six IR active ab plane modes are expected in the irreducible
representation, only three of which are observed at room temperature. When
the temperature is decreased to below Ty the mode count increases to at least
eight. The overabundance of phonons below the transition temperature is
consistent with the possibility of this material having a charge-ordered state
at low temperature. That is, when a material is half doped, charge arranges
itself so that long range alternate order of Mn** and Mn®** ions occur. In
this ordered scenario, the unit cell doubles in dimension and the Brillouin
zone thus halves. This folds the dispersion curves back on themselves and
thus doubles the number of observed k=0, or zone centre, phonons. How-

ever, no neutron data is available to test the idea that the new zone-centre



136 CHAPTER 5. OPTICAL CONDUCTIVITY OF...

modes are of similar frequency to the zone-boundary modes. Moreover, the
charge-order state has only been predicted in PrSr;Mn;O7, not actually mea-
sured. In fact, the charge-order state in LaSroMn;Oy, the only other n=2
layered 2=0.5 material to have been characterised in literature, is not stable
at low temperature. Given the current dearth of PrSroMnyO5 literature, it
is insightful to investigate the La doped material and draw parallels. We do
this here.

In their oy (w) measurements of LaSr,Mn,0O7, Ishikawa and coworkers[26]
observe a strikingly similar spectrum in the far-IR to that measured here for
the PrSroMn,O7 sample. New modes appear as the temperature is decreased
through the material’s Ty =170 K, the most prominent appearing at 225 cm™*
and 305 cm™!, very close to the the energies of the most prominent new
phonons in PrSrosMn,O; (refer to Table 5.3). The low-energy, mid-energy
and high-energy modes grow in strength and display increases in asymmetry,
similar to PrSroMn,O;. The background conductivity increases with the
temperature drop from 290 K to 10 K, the magnitude of this change in o (w)
is also of the order of that measured for PrSroMn;O+7, or about 102 Q2 'em™!.

Three groups have published findings that the charge ordered state, which
appears at 210K in LaSroMn;O7, disappears as the temperature is further
decreased through 50K-100K([85, 86, 96]. Argyriou and coworkers further
assert that it is the onset of antiferromagnetic order at Tn=170K which
causes charge order to melt in LaSr,Mn,07[96]. It is the antiferromagnetic
order, in fact, which Ishikawa and coworkers ascribe as being responsible
for the appearance of new modes in o;(w) of LaSroMnyO;. The increase
of spectral weight of new modes at 225 ecm~! and 305 cm™! is gradual,
coinciding with the gradual onset of antiferromagnetic order observed in
LaSroMn,0-[11]. However, there exists some controversy in this area, as
Kubota and coworkers[11] argue that the charge-order and antiferromagnetic
phases coexist in LaSroMn,0O7, and that charge-order is not completely lost
even at low-temperature.

If we were to ascribe the new modes in PrSryMn,O; to Brillouin zone
folding, we may expect them to vanish with the disappearance of the charge
ordered state at low temperatures. As the modes do not vanish at the low-



5.3. LAYERED PRy_5xSR;2x MN;O;. 137

est temperatures, we either conclude that charge order does not melt in
PrSr;MnyO7, or that charge order is not responsible for the appearance of
the new modes. The amazing similarity between o(w) for the two materi-
als strongly suggests that the same explanation for the appearance of new
phonons applies to both PrSryMn,O; and LaSr,Mn,O7. Although it cannot
be tested at this time, the reduction of lattice symmetry due to distortions
induced by the antiferromagnetic order appears the most likely explanation.
Ishikawa and coworkers[26] assert that a charge density wave couples with
a breathing type lattice distortion. This produces the deformation of the
lattice which leads to the appearance of new modes for T' < Ty.

The two types of order (charge and orbital) are inextricably linked in most
manganites. The melting of the charge-order phase thus implies melting of
both charge and orbital order. However, there is the possibility of either
of charge or orbital order persisting into the low-temperature phase at the
expense of the other. This decoupling of the orbital and charge order has
been observed in Nd;_,Sr,MnO; (z=0.55)[97].

5.3.6 Disorder and far-IR absorption

We now discuss the broad far-IR absorption observed in the ab plane of
PrSroMn;O7. As noted, this has a maximum interphonon absorption increase
of about 10? Q~'em™! as the temperature is decreased. As noted in section
5.3.5, an absorption increase of this order is also observed in LaSraMn,O7[26)].
The authors of that work offer no explanation for the phenomenon.

The increase in far-IR conductivity in the case of La;5Sr; sMn,O7 was
about 10° Q'em™!, and of a comparable magnitude with far-IR conductivity
increases observed in other manganites[26, 69, 71]. These groups attribute
the non-Drude like behaviour to localisation effects resulting from disorder.

Structural data for PrSroMn,O7 are not available, although, due to the
dopant ion’s smaller radius, the effects of orbital interaction and thus lat-
tice distortion and charge disorder, have been anticipated to be much less
than that of the La-doped series[98]. This might suggest a lower degree of
disorder-induced localisation, and therefore be consistent with the smaller
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conductivity increase. Further work is a necessity in this area.



Chapter 6

Conclusions

The exploration of the colossal magnetoresistance manganites has recently
unveiled some of the most intriguing problems known to modern Solid State
Physics. The influence of strongly correlated electrons cannot be ignored in
these materials, and that interaction of spin, orbital and charge gives rise
to physical properties which, at least, give the condensed matter scientist an
appealing theoretical and experimental challenge, and at best, could underpin

the technologies of the future.

Optical conductivity studies measure the overall absorption response of
a material. The disentanglement of the constituent contributions to that
response gives the individual electronic and vibrational excitations, allowing
characterisation of the transitions taking place in the material. The difficulty
we encounter, when applying this simple formula to the manganites, is in the
mixing of the contributing excitations. As mentioned in this thesis, there are
at least two different theoretical descriptions of electron-phonon interactions,
both giving quite different ideas of what a conductivity contour might look
like. The modelling of features displaying strong orbital, charge and spin
correlations is thus a problem that limits our characterisation of experimen-
tal optical data. The goal of the project was to measure the conductivity,
identify some of the electronic and vibrational transitions taking place in the
material, and make qualitative comment on which models of electron-phonon

interaction adequately describe the data.

The essence of this thesis, then, is a careful and wide ranging optical
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experiment on four different samples of manganite, representatives of many
of the different physical behaviours exhibited in the manganite family. Each
sample surface has been prepared carefully for reflectivity measurements,
bearing in mind the surface effects on a probing electric field and compen-
sating for these effects when necessary, by either annealing strain damaged
sample surfaces or using freshly cleaved surfaces. Each sample was also
characterised in terms of the temperature-dependence of its magnetic order.
Selected samples were examined for crystal orientation with respect to the
probing electric field and structural characteristics.

The anisotropic temperature-dependent and, in some instances,
H-dependent magnetisation of each of the four samples was carefully mea-
sured, both before and after annealing treatments in the instance of the
pseudo-cubic manganites. This measurement not only allowed us to identify
the transition temperatures of our materials, and the nature of magnetic or-
der in them, but also to monitor the pseudo-cubic samples for bulk changes
possibly brought about by the thermal treatments applied to heal surface
polishing strains. Scanning electron microscope measurements of the surface
of annealed Lag¢Cag1MnO; were made, revealing a surface smooth on the
scale of IR radiation. Laue x-ray diffraction measurements enabled us to lo-
cate the (1 0 0) faces of the pseudo-cubic single crystals and thereby measure
the optical conductivity at a high point of symmetry.

The two different techniques used to measure the frequency-dependence
of the conductivity, namely normal incidence reflection and oblique incidence
ellipsometry, gave results of a high photometric accuracy. The use of two in-
dependent techniques to measure the optical conductivity adds a valuable
new dimension to the body of optical work already available on the mangan-
ites. To our knowledge, this is the first time ellipsometry has been used to
measure the conductivity of a manganite. Spectra measured on PrSrosMn,Oy,
using both ellipsometry and normal incidence techniques, afforded an ex-
tremely insightful comparison between the conductivities garnered by the
two techniques.

Inversions of the normal incidence reflectivity by Kramers-Kronig trans-
form were performed with careful attention to the extrapolations used and
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the uncertainties produced in the data as a result. The baffling result of
a negative Kramers-Kronig conductivity, obtained from reflectivity spectra
of unannealed Lag 735Cag 265 MnOs, was successfully reproduced by a model
material with a multilayer dielectric constant. The layered materials mea-
sured by ellipsometry, due to their anisotropic dielectric response, demanded
much care in extraction of the ab-plane and c-axis optical conductivity. The
inversion of the ellipsometric constants was performed in two steps. The first
step, deducing the pseudo-dielectric functions for each sample assuming an
isotropic response function. The second, reducing the c-axis and ab plane re-
sponses, from each of the pseudo-dielectric functions measured, by a careful
fitting procedure in MATLAB. While this procedure successfully procures
accurate dielectric functions in most regions, it was found that a great deal
of uncertainty is inherent in regions of reduction for which the solution set
is almost parallel. Large but quantifiable errors were thus found in some
regions of the spectra.

Each of the manganite samples investigated displayed very similar
insulator-like spectra at room temperature. Three prominent phonon modes,
widely acknowledged in the pseudo-cubic manganites as due to “rare earth”,
“bending” and “stretching” mode vibrations, appear without exception in
Lag9CagMnO; and Lag 735Cag 265 MnO3. The ab planes of the layered mate-
rials display at least three optic phonons at room temperature. The c-axis of
the layered materials display at least four optic phonons at room tempera-
ture. The atomic vibrations which contribute to the extra peak, observed at
low frequency for the c-axis spectra of La; »Sr; §Mn,O7 and PrSraMn,; O+, can
only be assigned alongside lattice dynamics calculations for this structure,
which are not yet available.

The 4 eV peak (=~ 30000 cm™!) due to the charge transfer transition,
between the O, band and either the t,, or e, bands, is apparent in the
pseudo-cubic sample spectra. The observation of temperature-dependence
in the 4 eV (30000 cm™!) peak of Lag735Cag.26sMnO3 tends to favour the
interpretation that this feature is due to an e, transition. The most mys-
terious and disputed feature is the broad 1 eV (8000 cm™!) peak observed

at room temperature in all spectra, probably too broad, in fact, to consist
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of a single excitation. Indeed, Lag735Cag265sMnO3 spectra at 190 K and at
160K reveal a separation of the 1 eV (8000 cm™') band into two distinct
components. To fit this feature with multiple Lorentzian oscillators is one
among many approaches toward isolating the contributing electronic transi-
tions. This, however, was not attempted here in deference to the somewhat
arbitrariness of an interpretation resulting from unascribed harmonic oscil-
lator fits. By analogy with literature results, the data appears qualitatively
consistent with an electron-lattice interaction as well as a d-d transition.

The question of electron-lattice, or polaron, interactions making them-
selves apparent in the manganites is one that is yet wrestled with. In
Lag 735Cag 265 MnO3 spectra, we observe that at an energy of 4000 ecm™! (0.5
eV), there is a noticeable crossover point of the transfer of spectral weight.
The temperature-dependent effective number of carriers was calculated by
integrating the conductivity spectra up to this point. It was found that N,y
scales poorly with (M(T)/M,)?, the expected Double Exchange behaviour,
supporting the large amount of evidence that Double Exchange alone can-
not explain the large negative magnetoresistance effect. The spectral weight
change scales well, however, with the temperature-dependent Double Ex-
change bandwidth, a model incorporating Jahn-Teller effects in the Double
Exchange model. The results show strong supporting evidence for a Jahn
Teller polaron localising the carriers in the high temperature insulating phase,
and its effect dropping away gradually as temperature decreases.

In the normal incidence measurement of PrSryMn,O7, the mid-IR band is
observed to decrease in peak frequency and grow in strength as temperature
decreases, in agreement with Millis’ model of a fairly strongly localised, or
small, polaron. Using small polaron theory, the binding energy of the electron
to the lattice is calculated to be ~ 0.4 eV (3200 cm™1).

Another issue to consider is to what extent does an electron-lattice in-
teraction affect the carrier motion in a material. For the purposes of this
study, we have defined a resistivity which decreases with temperature as
being metallic. However, with such a growing number of materials display-
ing conductivities which slip outside long held conventions of insulating or
metallic behaviour, this definition is for pure convenience.
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For Lag.735Cag.26sMnQO3, the most Drude-like in its optical conductivity
of the two metallic-like samples measured, as the temperature is reduced the
optical spectra display the expected transfer of spectral weight from higher
energies into a low energy Drude-like band. We have already mentioned that
the spectral weight increase scales as though a polaron were apparent in the
material, in effect slowing down the onset of metallic behaviour.

We therefore have uncovered plenty of evidence at least qualitatively con-
sistent with models of polarons. However, the polaron models themselves are,
because of the complexity of the entity in question, necessarily simplifications
of the actual electron-lattice interaction. Added to that, the different polaron
models can give different temperature-dependences. Even the distinction be-
tween a small, large and bi-polaron appears blurred by some models.

In the ab plane conductivity of La; »Sr; sMnyO7, as the temperature de-
creases through T, the transfer of spectral weight is to a rounded far-IR band
centred at 300 cm™!, and displays a non-Drude-like absorption, a feature
which may best be modelled by disorder-induced localisation. The phonons
remain prominent at all temperature, not washed out as is usually the case
in the spectra of metallic materials. In the mid-IR, a frequency-independent
band at 2000 cm~! grows on the low energy side of the mid-IR 1.2 eV (10000
cm™') band, which also grows in strength with decreasing temperature.

Striking temperature-dependence is also observed in the far-IR c-axis con-
ductivity of La; oSr; gMnyO7. As well as “filling” type absorptions increasing
in weight as the temperature decreases, we also observe that, as the material
passes into its ferromagnetic phase, the highest energy oxygen mode phonon
splits into two distinct peaks.

The temperature-dependence of these different spectral weight changes in
the La, 2Sr; sMn,O7 sample show surprising correlations. We considered the
300 cm™! absorption against the 2000 cm™' peak and the weight increase of
the extraordinary “filling” absorptions observed in the far-IR response of the
c-axis. The correlated temperature-dependence of all of these absorptions
implies that the underlying physics behind them is the same. It is further
observed that the increase in long-range ferromagnetic order is not directly

correlated to the increase in charge. We do however observe a correlation
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between the temperature-dependent Double Exchange bandwidth, and the
spectral weight increases. This correlation may imply that electron-phonon
interactions are, once again, vitally important in describing the carrier dy-
namics of the layered manganite.

The PrSrosMny,O; sample, as well as being yet untouched in literature,
displays curious behaviour. The appearance of new modes with decreasing
temperature is accompanied by an increase of the conductivity level in the
far-IR. and, as mentioned, the mid-IR band displays interesting increases
in weight and decreases in frequency. In the meantime, the c-axis far-IR
response is temperature-independent. All of the new physics appears to be
restricted to the ab plane.

The increase in spectral weight of the phonons appears correlated with the
onset of antiferromagnetic order in the plane. The appearance of new modes,
despite suggesting a folding back of the Brillouin zone, will probably be
shown to be uncorrelated with charge-order in PrSroMn,O;. However, much
of the description and analysis of PrSroMn,O7 has been done by analogy with
behaviours observed in literature LaSroMn,O7. While this has served as an
extremely insightful parallel, it will quickly be supplanted by measurements
of p(T) and structure on the PrSroMn,O; material itself.

In short, some extremely interesting new problems in the manganite field
have been uncovered and significant insight gained. Definite conclusions as
to what contributes to the rich conductivity spectra in the featured samples,

however, must await adequate models to describe them.

6.1 Further work

More supplementary experiments on the very interesting PrSroMn;O7 sample
would provide a more focused framework within which to interpret results.
Measurement of the resistivity would confirm the existence of charge order
in PrSroMn,O; and indicate whether that state is melted by antiferromag-

netism.



Appendix A

Ellipsometric constant
reduction

In this appendix, we briefly discuss the uncertainties associated with the re-
duction, or decoupling, of the ab plane and c-axis spectra measured by ellip-
sometry. In motivating this, we display the ab-c plane pseudo-dielectric func-
tion in the form of the unreduced o, (w) for PrSroMn,O7 and La, 5Sr; sMn,O7.
These spectra clearly show the striking interaction of the c-axis dielectric con-
stant with that of the ab plane. Because of the possible confusion inherent
in the notation, we refer to ab-c and c-ab functions as pre- or unreduced, and

to ab and ¢ functions as reduced.

A.1 Pre-reduction spectra

Fig. A.1(a) displays the unreduced o|(w,T) for PrSroMn;0O7. Upon com-
parison with the far-IR reduced spectrum for PrSrosMn;O7, shown in section
5.3.2, there are marked differences, as indicated by arrows in the figure. At
about 460 cm™! there is a sharp asymmetric peak present for all temper-
atures, which grows more pronounced as the temperature is decreased. A
dramatic splitting of the “stretching” phonon peak at about 630 cm™" is also
observed. The resolution into 2 distinct peaks at the lowest temperatures
is in striking contrast to the single peak in the reduced ab plane spectrum.
Also evident in the pseudo-dielectric function is the growth of an asymmetric

peak at w =~ 720 cm ™! with decreasing temperature.
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Figure A.1: Unreduced temperature-dependent far-IR o;(w) spectra for
PrSroMnyO7 (a) and Lag oSty sMnyO; (b) measured by ellipsometry from
the ab plane.
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The unreduced spectra for La; 5Sr; sMnyO; are shown in Fig. A.1(b).
These spectra are less dramatically different from their reduced counterparts
in section 5.2.2. As indicated by the arrow in Fig. A.1(b), there is an
asymmetric peak at 740 cm~! which is, again, due to a strongly interacting

c-axis component at this energy.
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Figure A.2: Far-IR reduced (solid lines) and unreduced (dashed lines) oy (w)
(a), (c) and € (w) (b), (d) spectra for ab plane (a), (b) and c-axis (b), (d) for
PI‘SIQMI’IQO'] at 10 K.

As can be appreciated from Fig. A.1, the most dramatic contrasts be-
tween reduced and unreduced o;(w) occur at the lowest temperatures. We
thus present a more comprehensive comparison of optical constants using the
spectra at 10K. In Fig. A.2 we show a contrast of the unreduced (dashed
lines) spectra with the reduced (solid lines) spectra for PrSroMn,O5. In panel
(a) and (c) of Fig. A.2 are plotted o, (w) for the ab plane and c-axis respec-
tively. As already commented on, the ab response is markedly different from

the pseudo-dielectric function measured from the ab plane. By contrast how-
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ever, the c-axis response is very similar to the pre-reduced response measured
from the c-ab plane. €;(w) measured before and after reduction are displayed
in panels (b) and (d) for the ab plane and the c-axis respectively. The reduced
ab plane ¢ (w) shows quite a deviation from the ab-c response for w > 550
cm~!, however the real changes are most evident in the c-axis reduction in
panel (d). The c-ab spectrum displays a dramatic and large interaction of
the ab plane response with the c-axis response, which is removed upon reduc-
tion. This is in contrast to the far-IR ellipsometric constants measured for
LayCuOy.4[54, 99] and YBayCuzO7[54], both of which are approximately uni-
axially anisotropic in structure. For these materials it has been suggested[40],
and was subsequently shown, that the c-ab pseudo-dielectric function is an
excellent approximation to the c-axis dielectric function[54, 99].
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Figure A.3: Far-IR reduced (solid lines) and unreduced (dashed lines) o (w)
(a), (c) and €;(w) (b), (d) spectra for ab plane (a), (b) and c-axis (b), (d) for
La,l_gSI'l_gMHQO?' at 10 K.

The extent of mixing observed in PrSroMny;O; is not observed in the
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La; oSr; sMnyO7 sample. Fig. A.3 displays a contrast of the unreduced
(dashed lines) oy(w) (a), (c) and €e(w) (b), (d) spectra with the reduced
(solid lines) spectra, for ab plane (a), (b) and c-axis (b), (d). In this set, the
reduction produces significant shifts in the ab plane oy and €; for w > 500
cm™!, but changes to the c-axis appear frequency-independent, with just a

slight shift in magnitude of oy and ;.

A.2 TUncertainties associated with reduction

The “black box” fitting program used to reduce the pseudo-dielectric con-
stants gave slightly different fits in the region of the solution, depending on
the start parameters used. This in turn gave us an indication of the un-
certainty inherent in the reduction. As shown, for some of the spectra, the
difference upon reduction is minimal. The uncertainty in these areas is due
simply to that of the measurement, or +3%. However, in regions where fits
to the ab and c-axis optical constants were somewhat divergent, the uncer-
tainty increases to £5%. For the highest energy regions in the Far-IR ab
plane spectra, that is, for 550 cm™! < w < 700 em™!, the uncertainty was
estimated to be no more than 40%, but at least 10%.
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Appendix B

Deduction of the c-axis
response

This appendix contains figures pertinent to section 4.4 of Chapter 4, which
are contained here in order to streamline the text of that discussion. We are
concerned with the extraction of the c-axis optical response from two mea-
surements on the ab plane: a normal incidence measurement, probing the
exclusively ab plane response, and an oblique incidence ellipsometry mea-
surement, which, for an anisotropic sample!, also contains some element of
the c-axis response. Full details are available in sections 4.4 and 2.2.4.
Before applying the formulae for that extraction to the PrSroMn,O7 data,
various synthetic datasets were tested. Firstly, we consider an anisotropic
material with an ab plane dielectric constant consisting of a Lorentzian oscil-
lator, centred at 350 ecm ™!, and a c-axis component made up of an identical
Lorentzian oscillator centred at 500 cm~!. The dielectric response measured
by ellipsometry, using a beam angle of 75°, is displayed in the inset of Fig.
B.1(a), along with the response of the ab plane. The main panel in (a) shows
the expected and deduced c-axis responses, the good agreement between
them signifying the applicability and correctness of the expressions used.
Secondly, the ab plane was modelled as a metal, with a Drude func-
tion of the same strength and width as the Lorentzian previously used. As

seen in Fig. B.1(b), where the routine was able to converge on a solution,

IRemembering that, in this discussion, we are only concerned with materials of uniaxial
anisotropy.
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Figure B.1: The expected (solid line) and fit (solid circles) c-axis responses
for a model anisotropic material with (a) a lorentzian ab plane component
and (b) a Drude ab plane component, as depicted by solid lines in the insets
to the respective panels. The dashed lines in the insets display the mixed ab-c
response. Note the arrow, indicating missing fit points, at the low frequency
end of the data in panel (b).
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! where the

that solution was the correct one. However, for w < 150 cm™
Drude component is strong, the c-axis response extraction routine could not
converge on a solution. This result gives an insight into the difficulty of ex-
tracting values for the c-axis dielectric response when the mixing proportion,

of c-axis response to ab plane response, is small.
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Appendix C

Normal Incidence vs
Ellipsometry

When two different techniques are used to find the optical constants we are
compelled to compare the results from each to see how well they agree. The
far-IR optical constants were obtained for ab plane PrSroMn,O7 by both tech-
niques, giving us a valuable check on how interchangeable normal incidence
reflectance and ellipsometry measurements are, at least in this particular
instance.

Fig. C.1 displays a comparison of the reflectivity (a) and o;(w) (b) in the
far-IR. measured by the ellipsometry and normal incidence reflectivity tech-
niques. In Fig. C.1(a) the normal incidence reflectance expected from ellipso-
metric optical constants was acquired by using equation 2.45 and calculating
from n and k deduced in the ellipsometric reduction. For ease of viewing, the
spectra have been displaced from each other the particular amounts detailed
in the figure caption. It can be seen that for all three temperatures, the nor-
mal incidence reflectance measurement gives a consistently lower R(w) value
than does the ellipsometry measurement. This in turn translates to a lower
conductivity at all three temperatures. Despite the vertical shift between
the ellipsometry and normal incidence reflectivity data, however, the shape
of the spectra is remarkably well preserved between the two techniques for
both the R(w) and the Kramers-Kronig transformed oy(w). The only sig-
nificant discrepancy occurs in the ellipsometric R(w) beyond w ~ 640 cm™.
The anomalous upturn (mentioned earlier in section 5.3.2), is due to errors
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Figure C.1: Comparison in the far-IR between ellipsometry and normal inci-
dence R(w) (a) and oy (w) (b) spectra for ab plane PrSroMn,O7. For clarity,
R(w) for 295K and 70 K/80 K have been displaced respectively down and up
by 0.2 and o, (w) spectra for 140/150 K and 70/80 K have been displaced up
by 200 and 400 Q~'em™! respectively.

in the reduction process at this energy.

As seen in Fig. C.1(b), the lower reflectivity measured using normal
incidence reflectance translates to a lower o;(w) level for all of the spectra
displayed. However, as observed for the reflectivity, the shape of the spectra
is well preserved between the two techniques. The only deviation is from the
ellipsometry measurements in the neighbourhood of the high-energy mode,
due to the uncertainty in reduction.

A very useful advantage in knowing the ellipsometric optical conductivity
is that it may be used to guide the extrapolations needed in the normal
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incidence measurement. The extrapolation used for the present dataset in
Fig. C.1(b) was that of a constant R(w) to zero frequency. It can be seen
in Fig. C.1(b) that, ignoring the displacement, the low energy spectra show
an agreeing trend, one not observed when a w'/? dependence was used in
the stead of a constant one. By virtue of comparison with ellipsometry data
then, the so-called Hagen-Rubens extrapolation is shown to be incompatible
with the measured data.

As for answering the question of why some of the normal incidence re-
flectance signal is lower than the ellipsometric signal, we observe that the
“loss” appears to be frequency and temperature independent. Thus it ap-
pears clear that the lower light signal is due to a greater extent of surface
scattering. Indeed, although the normal incidence measurement was per-
formed on the same cleaved surface of the PrSroMn,O7 sample as the ellip-
sometry measurement, it was performed some months later. It seems likely
that surface degradation may have occurred over that time.

Another source of uncertainty, worth mentioning here, is in the degree of
uniformity of the surface on a larger scale, from the viewpoint of the incident
light. In the normal incidence measurement, the sample was probed with
a beam of approximately 1 mm in diameter. The reflected spectrum varied
significantly for the beam on different parts of the surface. The beam used
in the ellipsometric measurement illuminated most of the 3 mm x 4 mm
sample surface, the reflected signal collected having interacted with a large
portion of the surface. That one technique probes a small, selected area,
where the other probes most of the surface, certainly must be a cause for
attention. However, no attempt has been made to investigate these aspects

further, and the discussion is thus now brought to a close.
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