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Abstract

Measurements of the photoluminescence emission spectra of 99.999 % purity
gold, 99.9999 % purity copper, polycrystalline PbMogSg and single crystal YBCO were
made for Aex = 488 nm as a function of temperature (72 K < T < 300 K), time (t < 12
hours), excitation power (P < 120 mW) and position on the sample using a high
sensitivity instrument which was designed, commissioned and calibrated for this study.

We present the first measurements of the photoluminescence emission spectra of
gold and copper as a function of temperature which show peak photoluminescence
emission intensity increasing by approximately a factor of two for gold and a factor of
five for copper between 300 K and 79 K. Full width half maximum (FWHM) and peak
photoluminescence emission wavelength showed no dependence upon temperature. The
spectra compare well to published data and data modelled using theories presented in the
literature.

Variable temperature measurements on the superconductors PbMosSs and YBCO
in their normal state show peak photoluminescence intensity increasing by a factor of 1.5
between 300 K and 80 K for PbMosSg and a factor of 2 between 300 K and 131 K for
YBCO. A decrease in FWHM of 20 - 30 nm is observed with no change in peak
photoluminescence wavelength. Measurements for 99.99 % purity single crystal
niobium, polycrystalline SnMo¢Sg and single crystal DyBCO superconductors are also
presented, however, these samples exhibited problems with oxidation, impurities or
damage to the sample surface.

Two interesting features which remain unexplained from this work include a
variation in photoluminescence emission intensity over < 12 hours with a period of ~400
minutes for gold and copper and a continuous decrease in intensity for niobium, SnMosSg
and YBCO and an increase in photoluminescence emission intensity by a factor of 4 at

low temperatures in PbMogSs, SnMoSg and YBCO.
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Chapter 1. Introduction

The phenomenon of luminescence was first documented in China nearly 2000
years ago as bioluminescence from plants and animals [1]. The discovery of the
“Bolognian Stone” in Italy in 1602 was the first recorded evidence of luminescence from
an inorganic material [2]. The stone excited great interest in the scientific community as
it was observed to emit light at decreasing intensities over a period of hours after it had
been exposed to sunlight. The material is now known to be barite, which emits light by
phosphorescence (delayed luminescence emission). Thanks to the work of scientists over
the last 400 years, phosphorescence is now used in applications throughout households
and workplaces and is utilised in everyday objects such as watches, children’s toys and
emergency signage.

Luminescence is the general term applied to the emission of light through the
recombination of pairs of electrons and holes which have been promoted into excited
states though the application of an additional source of energy. Common excitation
sources (and the term for their associated luminescence emission processes) include; heat
(thermoluminescence), chemical reactions (chemoluminescence), biological processes
(bioluminescence) and electron irradiation (cathodoluminescence). Photoluminescence,
which will be the main process investigated in this thesis, relates to radiative
recombination of electron — hole pairs which have been excited by light.

Photoluminescence spectroscopy is an extremely useful, non destructive method
of probing the electronic structure of a sample of within a few hundred nanometres of its
surface and is the standard analytical technique in the semiconductor industry to

determine sample quality [3-5]. The technique is also being pioneered in the field of



medical imaging for tracking biological cells as they move around the body using a
fluorescent marker to tag the cells [6]. Research into the fabrication of more efficient
solar cells and organic light emitting diodes for use in flat panel televisions and lighting
also use photoluminescence as an analysis technique during manufacturing and
development as it is a fast and robust technique for identifying the sample characteristics
[7, 8].

Despite the range of applications of photoluminescence to a multitude of organic
and inorganic materials, there has been little research dedicated to the photoluminescence
emission from metals. The study of photoluminescence emission from metals has been
limited mainly by the experimental complications of trying to measure the low emission
yields exhibited by these materials [9-11]. By their nature, metals have a high density of
free electrons leading to large electrical conductivities. These free electrons limit the
photoluminescence emission yield since they increase the probability of non-radiative
recombination which directly competes with the radiative recombination processes of
photoluminescence emission.

Little work has been carried out on the photoluminescence emission from
superconducting materials again due to their low emission yields. A superconductor is a
remarkable material which exhibits zero electrical resistivity and expels all magnetic flux
below its critical temperature. Superconductors are commonly discussed as being one of
two types; conventional low temperature superconductors and high temperature
superconductors. The mechanism of superconductivity in conventional low temperature
superconductors was proposed in BCS theory (Bardeen, Cooper and Schreiffer)
published in 1957 [12]. However, the mechanism behind superconductivity in high
temperature (unconventional) superconductors has not been satisfactorily explained by

any theories to date. Additional experimental evidence from new experimental



techniques is required to help formulate new theories for the mechanism of
superconductivity in these materials. It is hoped that photoluminescence spectroscopy
can fill this role by probing the optical and electronic properties close to the Fermi
energies for a range of materials as they enter the superconducting state.

The aim of this work is to present a systematic study of photoluminescence
emission as a function of temperature for metallic non-superconducting samples (gold
and copper), metallic superconducting samples (niobium) and a selection of low
temperature (Chevrel phase) and high temperature (DyBCO and YBCO) superconductors
in their non-superconducting (normal) state. Using a systematic study across a range of
samples, changes in the electronic and optical properties specific to certain materials will
be identified as a function of temperature to give new insights into the mechanisms
operating in the different classes of materials.

The thesis is structured as follows: Chapter 2 considers the processes occurring in
photoluminescence emission in terms of absorption, relaxation and recombination
processes. Work from the literature on the photoluminescence emission from metals and
superconductors is discussed including detail of the electronic structure and optical and
transport measurements of these materials. A brief summary of experimental geometries
for the measurement of photoluminescence emission is given along with a discussion of
the advantages and disadvantages of a range of optical components and cryostats.

Chapter 3 focuses on the use of commercial equipment for the characterisation of
the optical and electronic properties of metallic and superconducting samples. The
chapter is split into three sections. The first section considers the use of commercial
apparatus for the measurement of photoluminescence emission from samples with low
emission yields. The advantages and disadvantages of the equipment are discussed with

the aid of preliminary measurements on Chevrel phase superconductor samples. The



second section presents spectra for the refractive index, extinction coefficient and
reflectivity for all samples studied in this thesis using measurements made on a
commercial variable angle ellipsometer. Where available, the measured spectra are also
compared with data from the literature. Finally, electrical transport and AC susceptibility
measurements from a Quantum Design Physical Properties Measurement System
(PPMS) are presented and the critical temperatures (7¢) identified for all superconducting
samples under investigation.

Chapter 4 details the design, commissioning and calibration of an instrument to
measure low yield photoluminescence emission from metals and superconductors as a
function of temperature. The optical, thermal and electrical requirements of such a
system are discussed including a thorough investigation of sample temperature under
laser illumination.

Chapter 5 presents experimental data for high purity gold and copper samples
with chapter 6 presenting data for superconducting samples (niobium, PbMo¢Ss,
SnMogSs, Sn;xEuxMoeSg x = 0.35, Pb;xGdiMosSg x = 0.35, DyBCO and YBCO).
Spatially resolved photoluminescence emission spectra are shown from across the sample
surfaces along with the dependence of the photoluminescence emission on excitation
power, temperature and time. Calculated photoluminescence emission spectra for each of
the samples are compared with experimentally measured spectra using refractive index,
extinction coefficient and reflectivity data measured in chapter 3. A thorough discussion
of the data is presented at the end of each chapter.

Finally, chapter 7 presents the conclusions of the study and discusses possible
directions for future work in the field of photoluminescence emission spectroscopy of

metals and superconductors.



Chapter 2. Review of the literature

2.1. Introduction

Photoluminescence emission spectroscopy probes the electronic structure within a
few hundred nanometres of a sample’s surface. It is capable of determining the band gap
in semiconductors and gives information about impurity states and dopants [3-5]. The
technique has been applied to many different materials including polymers, glasses and
semiconductors but the study of photoluminescence emission from metals and
superconductors has been limited mainly due to the extremely low emission yields
exhibited by these materials [9-11]. Indeed, measurements reported for
photoluminescence emission from superconducting alloys and ceramics as a function of
temperature are not consistent with each other [13-20]. The following chapter reviews the
studies on metals and superconductors in the literature and tries to determine the
limitations of current understanding of photoluminescence emission from these materials.

Chapter 2 is divided into the following sections — which sequentially increase in
complexity. Section 2.2. gives an overview of the processes of absorption, reflection and
transmission of light using classical optics following from Maxwell’s equations. Section
2.3. includes the ideas of the interaction of light with simple metals containing a Fermi
surface. Section 2.4. considers the photoluminescence processes occurring in
semiconductors with section 2.5. looking at the theory of photoluminescence in metals.

Experimental results for the photoluminescence emission from metals are presented in



section 2.5.6. including a discussion of the dependence of photoluminescence emission
on sample purity, polarisation of the excitation light, temperature, surface roughness and
oxidation. Section 2.6. then looks at the work carried out to date observing
photoluminescence emission from superconducting materials including measurements
made as a function of temperature across the superconducting transition temperature. A
brief overview of the theory of superconductivity is also given in this section along with
a discussion of optical and electrical transport properties of these materials. Finally,
section 2.7. looks at the requirements for successful experimental design for the

measurement of low yield photoluminescence emission.

2.2. Classical Optics

The following section follows the structure commonly found in optics textbooks
and considers the absorption, reflection and transmission of light though matter [21]. The
results derived below follow from considering a continuum model in conjunction with
the introduction of energy dissipation in the framework of Maxwell’s equations. The
terms for absorption and reflectivity are defined using the optical constants of refractive

index and extinction coefficient (n and «, respectively).

2.2.1. Absorption, reflection and transmission

The intensity, /(z), of an electromagnetic wave travelling through a medium

decreases over a distance, z, due to absorption, a, within the medium [22]
I(z)=1,exp(-az), 2.1

where, I is the optical intensity at z = 0.



The absorption coefficient is defined as the fraction of power absorbed per unit
length of a medium. It can be expressed in terms of the extinction coefficient of the
sample, x, and the frequency of light incident on the sample, w, [23, 24]

g = 20 _ 4K 2.2)
c A

where 4 is the wavelength of the electromagnetic wave and c is the velocity of an

electromagnetic wave in free space. The extinction coefficient is the damping constant of

the electromagnetic wave in the medium and is related to the refractive index, n, of a
medium via the complex refractive index, 7 [25-27] where

n=n+ik. (2.3)

The real part of the complex refractive index is defined as the ratio of the velocity of

an electromagnetic wave in free space with the phase velocity of light in a medium, v,

[28, 29]

n=—, (2.4)

The velocity of light in a medium is expressed in terms of the electrical conductivity of
the medium, o, the relative permittivity, &, relative permeability, u;, and the permittivity

and permeability of free space (& and yo respectively) [30],

1 . o
=5 = EoE, Mo, — LM, . (2.5)
v 2rv

Rearranging equations (2.3), (2.4) and (2.5) allows the complex refractive index to be

written in terms of the electrical conductivity and dielectric constant [31, 32]

P =pe, +i£, (2.6)
o)

or equally in terms of real and imaginary parts [31]:

e, =n"—K°, (2.7)



Ol =NnKV . (2.8)

For all materials, the sum of the reflection , R , absorption , &, and transmission,
D, of light through a medium is equal to unity, [33]

R+a+D=1, (2.9)
For a metal, the proportion of transmitted light is negligible and equation (2.9) can be
simplified to R =1-« . Figure 2.1 shows the criteria for the reflection and transmission
of light at a boundary in a metal [34].

Reflectivity is defined as the ratio of reflected intensity to incident intensity.
Solving the equations for the reflected, transmitted and absorbed electromagnetic waves
(Figure 2.1) using the criteria that the components of the electric and magnetic fields (£,
and H,, respectively) must be continuous across the boundary, gives an expression for

reflectivity, [34]

o B _ ppx _ (s ) (7% —ym,)
|a| Caar (At ) (A )

(2.10)

[ EY(abs) y (abs) aexp UL wx'lc) y(reﬂ -H y(reh = pexpi(wt+ wx/c)

n=4

5
-

= £ expi(wt+ wnx/kc)
(Fz;’pour) exp i(wt + wrn x/c)

y (trans)

Z(trans) 3 a

Figure 2.1 Absorption, reflection and transmission of an electromagnetic plane wave of
frequency w which is incident on a metallic surface with components of electric and
magnetic field, E, and H,, respectively. Adapted from the works of Fox and Sokolov [32,
35]. Where o, p and & are the constants for absorption, reflection and transmission,

respectively.



with substitution of 7 = n—ix leading to [34, 36, 37]

2

m:(n_ﬂoﬂr)z—‘rlf

. 2.11)
(n+/'l01ur) +K

2"

2.3. Light in simple metals with a Fermi surface

The Drude-Lorentz model can be used to describe the interaction of light with a
simple metal. The light sets up an oscillating AC electric field, £, in the metal which
causes a displacement of the electrons, x, for which the equation of motion can be written

as [38]

+m7/d—);=—eEei“”, (2.12)

where e is the charge of an electron, m is its mass, y is the damping parameter, w is the
frequency of the oscillation and ¢ is time. The first term represents the acceleration of the
electrons, the second term is the frictional damping force acting on the electrons and the

third term is the driving force exerted by the light. Solving the equation using the

substitution of x = x,e”” gives an equation for the displacement of the electrons of

x(¢) :#. (2.13)
m(@” +iyw)

The definition of the electric displacement, D, in terms of electric field, £, and
polarisation, P,is
D=¢gE+P, (2.14)
where the polarisation of the free electron gas is equal to

P =—Nex, (2.15)



and N is the density of free electrons. Substitution of equations (2.13) into (2.15) then

equation (2.14) gives

D = ¢ E — Nex
Ne’E (2.16)
=gl ———————
m(w” +iyw)

Rearrangement of equation (2.16) leads to the equation for the plasma frequency, w,,

where [39-42]

a),i:(Nezjz. 2.17)

EN
Equations (2.16) and (2.17) can be used to find the equation for the dielectric

constant of a lightly damped system (y = 0), where it can be seen that ¢, is equal to zero at

the plasma frequency,
e =1-—. (2.18)

Using this relationship for &, the optical spectrum of a simple metal can be split
into three main regions depending upon the sign of the dielectric constant. In its most
simplistic form, when &, < 0 total reflection occurs from the metal surface and when &, >
0 the metal is transparent. An absorption edge is present in the absorption spectrum of
metals caused by the oscillation of the electrons and ions under the application of an AC
electric field e.g. light.

In metals, the density of free electrons (/) is large, which leads to a plasma
frequency in the ultraviolet region of the spectrum and therefore a high reflectivity in the
visible region. A sharp transition from reflecting to transparent is only observed at the
plasma frequency if no other absorption processes take place at this frequency.

Figure 2.2 shows the calculated refractive index and extinction coefficient for

aluminium.
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Figure 2.2 Refractive index, n, and extinction coefficient, k, as a function of frequency for

aluminium calculated using the free electron model.

Table 2.1 shows the calculated wavelengths for the boundaries for the absorbing,
reflecting and transparent regions of gold, copper and aluminium using equations (2.17)
and (2.18) from the free electron model. The optical constants for each region are

summarised below.

Absorbing region (v << y) and (0 < wt < 1) [43, 44]
When the frequency is much less than y, the region is absorbing and 7 is equal to

Kk [43]

n=Kk =——- (2.19)

Reflecting region (y << @ << w,) [43, 44]
In this region, n is smaller than x, which is greater than unity, and is

approximated by [44]

11



W,y
n £, 2.20
Y (2.20)
w ? w
K~ (—IJJ -1~z (2.21)
w w

There is almost total reflection (little absorption) as the real part of ¢, is negative. This

can be quantified as

a==" (2.22)

Theory and experiment do not compare well using the free electron model in the

reflecting region.

Transparent region o > @,
In this region, o is greater than y by a factor of 100 and the reflectivity is very
low. The real part of ¢, is greater than zero and the imaginary part is much smaller than 1.

n and x approximate to [44]

2
n~ 1—[ﬁj ~1, (2.23)
w
. ;‘Z’; ~0. (2.24)
Metal Boundary of absorbing | Reflecting region Transparent region
region y >> @ wp >> @ >>y o> o,
Gold >> 51 um 51 pm — 137 nm <137 nm
Copper >>47 pm 47 ym— 115 nm <115 nm
Aluminium | >> 115 pm 115 pm — 79 nm <79 nm

Table 2.1 Boundaries of the main spectral regions for Cu, Au and Al predicted by the free

electron model (equations (2.16) and (2.17)).
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2.4. Photoluminescence in semiconductors

2.4.1. Basic photoluminescence processes

The text-book description of photoluminescence emission in semiconductors is a
three stage process. Firstly, a photon of energy E. is absorbed by the sample, promoting
the electron to a higher state and leaving a hole in the lower state. The electron and hole
then relax into the excited state with the lowest available energy. Finally, the electron and
hole pair recombine, releasing a photon with an energy, E.n which is lower than the
original excitation energy (Figure 2.3).

In solid state materials, the strongest photoluminescence (PL) emission is
generally found in semiconductors due to the fundamental band gap at the Fermi energy.
The band gap has an energy which is comparable to the energy of the incident excitation

light, leading to strong absorption and emission.

Relaxation

Detector

Absorption E Radiative
em . .
- recombination

Beam dump

Figure 2.3a) Schematic representation of a basic photoluminescence emission spectroscopy
setup and b) the electronic processes taking place during photoluminescence emission. E., is

energy of the excitation photon and E,,, the energy of the emitted photon.
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2.4.2. Absorption: Direct and indirect transitions

The first stage in the photoluminescence emission process is the absorption of light
to promote electron - hole pairs into an excited state. The principal absorption processes
in solid state matter occur as inter-band transitions (band to band), intra-band transitions
(within a band) or between impurity states and the conduction or valence bands.
Transitions involving impurities are most common in doped semiconductors [45]. Inter-
band transitions can take place by direct and indirect transitions whereas intra-band
transitions only occur via indirect transitions [46].

For both direct transitions (Figure 2.4a) and indirect transitions (Figure 2.4b) an
electron is excited vertically on an E-k diagram with no change in momentum followed
by an oblique transition with associated change in momentum caused by either the
absorption or emission of a phonon. For direct transitions the change in momentum of
the excited electrons is typically of the order of 100 times less than the size of the
Brillouin zone and is therefore approximated to a single vertical transition with no
change in momentum. Indirect transitions are more dependent upon wavelength and

temperature than direct transitions [47].

Inter-band transitions
The absorption probability of an inter-band transition as a function of frequency,

a(m), can be expressed as [45, 48]

a(w) po-E ) (2.25)

(he)
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Figure 2.4. Schematic representations of a) Direct and b) indirect transitions (E-k diagram)

where E, is the energy of the band gap at the Fermi energy with a minimum threshold
energy at iw = E, (Figure 2.4). The threshold energy is observed as a fundamental
absorption edge in semiconductors and insulators, where the Fermi energy lies within a
band gap [49-52].

Quantum mechanical selection rules state that a transition can only occur if the
parity of the initial and final states is conserved (Table 2.2). In reality, if the rules forbid
the transition at k = 0, it is still possible for the transition to occur in the region close by
with & ~ 0 but the absorption probability is much reduced. In this case, the threshold

energy is still at iw = E, and can be written as [47]

3

(ha)_Eg )E

(he)

a(w)= (2.26)

Intra-band transitions

Two types of intra-band transition occur in metals and semiconductors. The first
type occurs within the sub bands of the conduction or valence bands which are separated
due to a spin — orbit interaction. The energy of the incident photon is much less than the

energy of the band gap (7w << E,;). Absorption from this type of process is weak [47].
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Parity of the initial and final states must be different

Am;=-1,0, 1
Al = +1
Amg=0

(m; is the magnetic quantum number, / is the angular momentum quantum number and

my 1s the electron spin quantum number)

Table 2.2. Quantum mechanical selection rules [S3]

The second type of intra-band transition occurs for free electrons in states close to
the Fermi level and is especially characteristic of the alkali metals [11]. The free carriers
absorb the incident photons and are promoted to a higher energy within the same band.
There is no threshold energy for free carrier absorption and additional scattering
mechanisms are required to conserve momentum. For these transitions, the coefficient of
absorption is dependent upon the magnitude of free carriers, N [47].

Additional absorption processes can also occur due to transitions between non
parabolic bands at the high symmetry points on the Brillouin zone and between regions

with parallel band structures [54].

2.4.3. Relaxation

Relaxation (thermalisation) processes occur after optical excitation of an electron
into a higher energy state. This is the process by which the electron temperature
equilibrates with the lattice temperature. The electron in the excited state and associated
hole in the ground state relax their energy by scattering into different momentum states

through a series of processes. These processes include; interactions with the lattice
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(phonons), grain boundaries, surface defects or through interactions with other electrons
in non radiative processes e.g. Auger process [11, 55].

Relaxation occurs on a timescale of approximately 100 fs in most solids. This is
much faster than the timescale required for radiative recombination which is on the
nanosecond timescale. As such, the majority of electrons will have relaxed into a thermal
distribution of lower energy states before recombining [56].

If relaxation does not occur, the term ‘“hot” luminescence is applied to the
emission from the sample [11]. Both “hot” and relaxed transitions can occur for inter-

band transitions.

2.4.4. Recombination

Recombination is often considered to be the time reversed process of absorption,
however, the processes are not identical [57]. Absorption can take place into any excited
state above the Fermi energy, whereas, recombination can only occur from a small range
of relaxed states above the Fermi energy. As with absorption, recombination processes
can occur as inter-band, intra-band, direct and indirect transitions.

The rate of recombination, R, is dependent upon the density of carriers in the
upper state, n,, the density of holes in the lower state, n;, and the probability of radiative
recombination Py [57],

R=nnP

” (2.27)
It is possible for radiative recombination to take place via intermediate states.
These can take the form of impurity states or other electronic bands. Not all of the

intermediate transitions are necessarily radiative as non radiative recombination

processes compete directly with the radiative recombination pathways. These non
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radiative processes include Auger processes, phonon emission and surface recombination
[55].

The transition probability for radiative recombination per unit time (I, )

depends upon the wavefunction of the initial state (V') and final state (V) of the
Hamiltonian , # , and is calculated using Fermi’s golden rule [58]

r —2—”<

. 2
o=\, | A |‘Pi>‘ p(E,). (2.28)
The rule states that the transition probability is proportional to the square of the matrix

element of the initial and final states K‘P p ‘I:I '| ‘Pl.> , multiplied by the density of the final

states, p(E f) [59, 60]. As in the case of absorption, quantum mechanical selection rules

(Table 2.2) are applied to determine exact transition probabilities [53].

2.5. Photoluminescence in gold and copper — theoretical

considerations

2.5.1. Introduction

Photoluminescence emission from metals is much weaker than the emission from
semiconductors due to the absence of a fundamental band gap at the Fermi energy. In
addition, the high density of free electrons in metals increases the probability of
scattering of the excited electrons and holes which directly competes with the radiative

recombination pathway, reducing the probability of photoluminescence emission.
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Since the Fermi energy of metals lies within a band, transitions occur across a
continuous range of energies [61]. The difficulty in measuring the low emission yields
has meant that little work has been carried out on the measurement of photoluminescence
emission from metals. Measurements in the literature are limited to the metals; gold,
copper and silver. In this section the current theory for understanding photoluminescence

emission from metals is outlined.

2.5.2. Band structure of gold and copper

As discussed in section 2.4.2. the band structure of a material is of great
importance when considering its photoluminescence properties. Metals, by their nature
do not contain a band gap at the Fermi energy and, as such, have a considerably more
complicated relationship between band structure and photoluminescence emission. The
following section will review the band structure of gold and copper.

Gold and copper have a band structure similar to a free electron like metal
(parabolic bands) but with the addition of a series of tightly packed d-bands below the
Fermi level. The d-bands are relatively flat with energies which remain constant as a
function of momentum (Figure 2.6 and Figure 2.5) [62, 63]. Near the L point the
conduction band is p-type in nature. An s-like conduction band only is present 4 to 5 eV
above the Fermi level. The minimum energy for direct inter-band absorption in copper is

2.1eVand 2.3 eV ingold [11].
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Figure 2.5. Band structure of gold [62]
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Figure 2.6. Band structure of copper [62]
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2.5.3. Model for photoluminescence in gold and copper

The process of photoluminescence emission in gold and copper has been
theorised by Mooradian, Whittle, Apell and Boyd [9, 10, 64, 65]. All four works propose
that photoluminescence excitation at energies below 3 eV occurs between the filled d-
bands below the Fermi energy in to the empty states of the sp-band crossing the Fermi
energy. Recombination then occurs between the conduction band electrons just below the
Fermi energy and the first d-band state giving an emission peak at 2.15 eV for copper and
2.3 eV for gold (Figure 2.7) [10, 64]. For excitation energies at 3.50 eV, radiative
recombination with the second d-band has been observed at 2.90 eV for copper and 2.95
eV for gold [10]. The total single photon excited luminescence has been measured to
have a very low quantum efficiency of 10"°[9, 10].

The lowest energy for direct transitions occurs at the L and X symmetry points in
the band structure of copper and gold (Figure 2.6 and Figure 2.5) [65]. Transitions at the

L point dominate over those at the X point as the density of states is much higher at L

E

A Conduction band

d-bands

> K

Figure 2.7. Photoluminescence emission process in gold and copper as described by

Mooradian, Boyd and Whittle [9, 10, 66].
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than at X for both copper and gold and the final states at X lie below the Fermi level and
so are already occupied [11, 65].

Whittle discusses photoluminescence emission in metals in general stating that
recombination takes place by direct transitions in the bulk volume of metals which is
observed as an onset energy for luminescence emission close to the excitation energy [9].
Indirect transitions occur only in the surface region of the metal, where oscillations in the
electric field or momentum contributions from the surface of the sample aid in oblique

transitions [67].

2.5.4. The role of plasmons in photoluminescence measurements

Enhancement of photoluminescence emission has been widely observed from
roughened gold and copper thin film samples [10, 66, 68]. The process of enhancement is
attributed to surface plasmons (quasiparticles formed by the oscillation of the free
electron gas) which locally enhance the electromagnetic field creating a macroscopic
local field correction to which the incident light couples, improving the efficiency of the
absorption and emission processes [10]. The formation of plasmons are discussed in
detail below.

In a metal, the free (conduction) electron gas can be described as a plasma since it
is a medium with an equal concentration of positive and negative charges where at least
one of the charges is mobile (conduction electrons) and the other fixed (positive ion
cores) [69, 70]. Oscillations in the plasma can occur if the electron gas is longitudinally
displaced by an electric field (e.g. from an incident light wave). The displaced electrons
oscillate in direction by +/- u (Figure 2.8) and an electric field is created by the
displacement of the electrons which sustains the oscillations by acting as a restoring force

of magnitude [70]
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(2.29)

The equation of motion of the oscillation of electron gas is therefore represented by [70]

2 2 2
Mmd?:—NeEz—(Ne ju (2.30)
dt &
which simplifies to
214
2
-+ =0 (2.31)

in the case where the plasma oscillation has a small wavevector and the frequency is
approximately equal to w, (equation (2.17)). Quantised oscillations in the plasma are
termed plasmons.

Interactions between electromagnetic waves and the surface region of a metal are

known as surface plasmon polaritons or surface plasmons. The plasma oscillations occur
at frequencies ranging from zero, asymptotically towards o, =,/ J2 [71]. The

interaction decays exponentially on either side of the interface and is thus confined to the

surface region [71]. Coupling between light and the longitudinal plasma oscillations is

possible if there is a longitudinal component of the electromagnetic wave [72, 73].
Plasmons will not radiate if the metal surface upon which the light is incident is

flat (for a surface boundary with air or vacuum). This is due to the phase velocity of the

+uy -U
a) b) —> c) &
+ - - +
+ - - +
+ - - +

Figure 2.8 Longitudinal plasma oscillations within the bulk (volume) region of a metal.

Diagram modified from references [69] and [70].
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surface plasmon being less than the velocity of light. In this case, the plasmons do not
radiate and instead dissipate their energy as heat [71, 72].

If the metal surface is roughened (with a roughness approximately equal to the
wavelength of the incident light), then coupling between light and plasmons can occur.
The plasmons are able to radiate due to an increase in plasmon momentum from the local
enhancement of the electromagnetic energy density in regions where the sample surface
is uneven [71]. The enhancement in electromagnetic energy density occurs due to the
electric field attempting to remain perpendicular to the metal surface and is strongest at
the tips of protrusions [74].

Optical transitions from the coupling of photons and plasmons can only occur in
the volume region of a metal if its thickness is approximately the same as the wavelength
of the light [72]. Thus, no interaction of plasmons with light is observed in the volume
region of bulk metals with simple geometries and cubic structures [72].

A simplistic, but effective method of modelling the enhancement in luminescence
intensity from rough surfaces uses a model of non interacting hemispheroids
perpendicular to an infinite conducting plane with dielectric constant &, (Figure 2.9)
[10]. A full mathematical derivation of the roughness enhancement of photoluminescence
emission from gold and copper surfaces is given in the works by Boyd and Whittle [10,
66]. The enhancement is found to be dependent upon the dimensions of the
hemispheroids, their volume and quantity, the dielectric constant and the wavelength of
the driving field.

The use of rough gold and copper films to enhance photoluminescence emission
is often exploited to increase luminescence yields from semiconductors and molecules
[75] [76]. Also created by the same effect is the continuum emission observed during

Surface Enhanced Raman Scattering (SERS) measurements [77].
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Figure 2.9 Schematic diagram of a hypothetical rough surface formed of hemispheroids on
an infinite plane. Roughness enhancement 1, is calculated for N number of spheroids per

unit volume with dimensions, a and b and volume, V.

An excellent review of surface plasmons has been written by Pitarke [71]. A
detailed account of experimental observations of surfaced enhanced photoluminescence

on roughened gold and copper surfaces will be discussed in section 2.5.10.

2.5.5. Calculation of photoluminescence emission spectra

Numerical calculation

This section focuses on the work presented in the literature on the calculation of
the photoluminescence emission spectra of gold and copper. A numerical comparison
between measured and calculated photoluminescence emission spectra is presented in the

work by Boyd where the authors represent single photon induced luminescence as [10]

I, (w,)dz=1(w,2)Y,,YY,.dz, (2.32)
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where z is the depth at which luminescence is excited from a slab of metal of thickness
dz, w, is the frequency of emitted luminescence and w; the frequency of the excitation
light at a intensity /(w;,z), Y1abs 1S the probability of single photon absorption, Y is the
probability of relaxation of electrons and holes from the excited states to emitting states
and Y., is the probability of radiative recombination at a frequency w,. The excitation

intensity is given as
2
I, z) :Io(a’1)|L(a)1)| eXp[_a(a)1)Z]a (2.33)

where /p(®;) is the source intensity and |L(a)1)|2 is the Fresnel transmission coefficient.

Simplifications are made by Boyd in evaluating equation (2.32) by assuming that
relaxation results in an exponential energy distribution of the electrons and holes (due to
thermalisation of the electrons and holes with the lattice) and that the emission
probability is equal to the total radiative recombination rate between electrons and holes

with an energy separation 7/®,. The assumption is also made that transitions are

concentrated close to the symmetry points on the Brillouin zone boundary (at local
extrema in the energy bands) where the largest joint density of states exist and where the
energy separation is less than the excitation energy. For gold and copper this restricts the
transitions to the X and L symmetry points. Regions where the electron and hole pairs
would scatter in different k directions are also ignored.

To calculate the emission spectra of gold and copper, equation (2.32) is evaluated
using the Fresnel coefficients which consider the dielectric constant (&) of the metal and

the angles of incidence (#) and refraction (6,,) leading to [10]
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1- ! +®(E0—ha)1—E—ha)2)exp(
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where FE is the energy into which the electrons relax, Ej is the energy of the initial excited

E,~ho —-FE-ho, JE
S

state energy of the electrons, a is the absorption coefficient, 7 is temperature and oJ. and
on are adjustable parameters representing the width of the exponential for the electron
and hole distributions respectively. @(x) is the unit step function of the Fermi Dirac
distribution and is zero for x < 0 and 1 for x > 0. The energy, E,, from inside the
integration is expressed as

(A, —A, —how)

(myy, —m,;)

E (hw)=A, +m,, , (2.35)

where Ay is the energy of the upper electron band and Ay the energy of the lower hole
band at the symmetry point and myy and myg, are the band masses. The term outside the
integration in equation (2.34) is a combination of the Fresnell transmission coefficients at
w; and w; and a depth z,. Inside the integration, the first bowed bracket represents the
electron population distribution and the second bracket the hole population distribution.
Non radiative processes are not included in the calculation by Boyd as the author makes
several approximations in equation (2.34) which neglect regions where scattering occurs.

A fully worked derivation can be found in reference [10].
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A second method of calculating photoluminescence emission from gold and
copper is presented by Apell [64]. The probability of a photoluminescence transition, w,

is given as

*5(s, - +a)2)$ ‘sz—’;a(gj —6,+0Q) [|Ma|25(g,. —g(jml)} (2.36)

‘2

ol

where ®, is the frequency of the photon incident on the sample surface, w, is the
frequency of the emitted photon and Q is energy of the phonons responsible for the
scattering of holes during relaxation.

The first term in equation (2.36) is a branching ratio for hole filling by radiative
emission versus all other processes, the second term is a branching ratio for hole
scattering via phonons versus all other processes and the final term relates to the
absorption of incoming photons. In the case of hole filling, the branching ratio
incorporates the Auger processes which explains the very low luminescence efficiency of
metals. Therefore, the transition probability for luminescence in gold and copper is a self
convolution of the joint density of states for the absorption and the emission processes
[64].

Several assumptions and simplifications are made by Apell et al. during the
evaluation of equation (2.36) including constant matrix elements of the expectation value
of the absorption and emission transitions (which are found not to be completely
satisfactory as an approximation), the phonon frequency, Q, being approximately equal
to zero (since the uncertainty in the density of states of the d-states is larger than the
typical phonon energy of ~ 20 meV) and the density of states of electrons in the s-states

being constant over the region of interest. The restrictions @, —w,<leV and

®, —w, > (2 are applied leading to an equation for the luminescence intensity of [64]
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where o (w,) is the absorption coefficient at the emission energy, @,, a(a,)is the
absorption coefficient at the excitation energy, ,, n is the refractive index of the

material at @,, « is the extinction coefficient at @, and p;(¢) is the density of states of

the electrons in the d-band (i.e. density of states below the Fermi energy, Er). The
calculation does not hold close to the elastic region (close to @) as this region requires

special consideration of relaxation processes and is strongly temperature dependent [64].

Analysis of calculated spectra

Equation (2.37) predicts that the peak in the photoluminescence emission
spectrum occurs at the energy at which the electron and hole distributions overlap. Since
the Fermi level is within the sp-bands for gold and copper, this also coincides with the
onset energy for inter-band transitions between the sp- and d-bands. A finite electron
density above the Fermi level due to thermal and optical excitation smears out the sharp
edge on the high energy side of the photoluminescence emission spectrum. A thermal
distribution of relaxed holes in the d-band also contributes to the broadening of the
emission spectrum. It should be noted that recombination is not limited to the specific
electron and hole created as a pair during excitation but can occur between any electron
and hole in sp- and d-bands. The detailed shape of the luminescence spectrum is
therefore, dependent upon the density of states below the Fermi energy.

We shall see in our work (Chapter 5) as well as in the literature, that the
agreement between the 2.0 eV peak photoluminescence emission energy in the calculated
spectra and experimentally measured spectra of copper when excited at 2.34 eV by Boyd

is extremely good, with the calculated peak falling within 0.1 eV of the measured peaks
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[10]. However, the corresponding peak for gold only shows part of the 2.4 eV peak due
to the excitation energy being too low at 2.34 eV. Comparison by Boyd between the
spectra of gold at higher excitation energies (3.50 eV) show agreement between
calculation and experiment of 0.1 eV and 0.3 eV for the 2.4 eV and 3.1 eV peaks,

respectively [10].

Equation (2.34) and (2.37) both describe the photoluminescence emission spectra
of gold and copper well. However, equation (2.34) contains parameters which are
difficult to obtain experimentally and is also computationally more complex than
equation (2.37). Evaluation of equation (2.37) requires knowledge of only three optical
parameters and the density of states as a function of energy. The refractive index,
extinction coefficient and absorption coefficient are all obtainable using ellipsometry
measurements and the density of states from state of the art computational calculations
performed by Dr Stewart Clark for the purposes of this work. Equation (2.37) also
considers the density of states and non radiative processes in more detail than the work
by Boyd. It was for these reasons that it was decided to use equation (2.37) from the
work by Apell to calculate the photoluminescence emission spectra measured in this

study [64].

2.5.6. Photoluminescence studies of gold and copper — experimental

results

The following section presents a review of experimental measurements of

photoluminescence emission from gold and copper. The dependence of spectra on

30



sample form and preparation, polarisation, temperature, roughness and oxidation will be

discussed.

2.5.7. Sample form and preparation

Studies have shown that the photoluminescence emission spectra of gold and
copper are unaffected by sample form (e.g. ingots, single crystal slices and evaporated
films) [9].

There is no consensus in the literature about the procedure for the preparation of
gold and copper samples for photoluminescence measurements. Boyd asserts that
measurement under high vacuum is an important condition which must be implemented
in order to achieve reliable results. However, the studies by Mooradian and Whittle carry
out measurements without the sample under vacuum without any apparent problems [9,
10, 66]. This issue became very important in the work presented in this thesis and is

returned to in Chapter 5.

2.5.8. Polarisation dependence

The s-direction (also commonly termed the o-direction) and p-direction (e-
direction) of polarisation are defined in terms of the oscillation of the electric field of a
light wave relative to the optical axis of the sample [78]. The electric field oscillates
perpendicular to the optical axis in the case of s-polarised light and parallel to the axis for
p-polarised light.

Polarisation dependence of photoluminescence emission from gold and copper is
only observed from roughened thin film surfaces [66]. The samples display an increase in

photoluminescence emission on the low energy side of the emission maximum when
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illuminated by a p-polarised excitation source and an increase on both sides of the peak
when excited by s-polarised light. The process of enhancement of photoluminescence
from roughened surfaces was discussed in section 2.5.4. above. Measurements on bulk
ingots and smooth evaporated films of copper have been shown to have no polarisation

dependence which is consistent with its FCC crystal structure [9].

2.5.9. Temperature dependence

Several mechanisms are attributed to the temperature dependence of the optical
properties of gold and copper including; volume thermal expansion of the metal with
increasing temperature, increased phonon population, Fermi distribution broadening and
a shift in the Fermi level and a change in electron — phonon coupling [79]. The change in
the optical constants leads to a change in the absorption spectrum of the samples and is of
great interest in this study as the values are experimentally measurable and directly relate
to the changes in the photoluminescence emission spectra as a function of temperature.
Figure 2.10 shows the changes to the optical constants (refractive index and extinction
coefficient) of copper at 78 K and 293 K as measured by Johnson [79].

Trends in the experimental data and theoretical predictions for the absorption
spectra of copper and gold as a function of temperature qualitatively agree well with one
another [79, 80]. Measurements on copper show a constant central energy of the 2.2 eV
absorption edge combined with a broadening of the edge with temperature. In gold, the
central energy of the 2.5 eV absorption edge also remains constant, but there is no
broadening observed as a function of temperature [80]. The Debye Waller theory
describes the temperature dependence of the optical properties of gold and copper and
predicts a 10 % decrease in the 5 eV absorption peak in copper which is consistent with

experimental observations between 423 K and 78 K [79].
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Figure 2.10. Refractive index and extinction coefficient measured for copper by the
inversion of normal incidence reflection and transmission measurements of thin copper

films at 78 K and 293 K [79].

Discrepancies in the magnitude of the experimentally measured dielectric
constant as a function of temperature are observed between several studies and are
attributed to surface contamination, oxides, condensation at low temperatures and the

effect of cryostat windows [79, 80].

2.5.10. Roughness dependence

Photoluminescence enhancement from roughened gold and copper samples has
been observed for corrugated films, films with an island overlayer and samples deposited
onto roughened glass surfaces [10, 66, 68]. The typical roughness of all these surfaces is
between 100 - 2000 A [10, 46, 68]. The process of photoluminescence enhancement via
the formation plasmons was discussed in detail in section 2.5.4.

Enhancement of photoluminescence emission is most commonly observed in

locations where there is a large change in dielectric constant. This can either be between
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two materials, one with a strong negative dielectric constant and the other a strong
positive dielectric constant or between a surface and vacuum. Very large enhancement in
photoluminescence emission is observed when the surface contains sharp protrusions
between 100 — 1000’s A in size. This is due to the electric field being concentrated at the
sharp protrusion as the field aligns perpendicularly to the sample surface [74]. This effect
is known as the “lightning rod” effect.

The enhancement of photoluminescence from roughened gold and copper
surfaces varies as a function of emission energy and the polarisation of incident light [10,
11, 66]. When excited by 2.4 eV p-polarised light, little or no enhancement is observed at
emission energies above 2.2 eV (inter-band absorption edge) due to the damping of
localised plasmon resonances [10, 66]. However, when excited by 2.4 eV s-polarised
light, the enhancement occurs across the complete emission range. Figure 2.11 shows the

enhancement for p- and s-polarised light in copper [66].
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Figure 2.11 Roughness enhancement of the photoluminescence emission spectrum of copper
as measured by Whittle [66]. The data represents a smooth sample (solid line) and a sample
with a 40 A island film overlayer (dashed line) excited by a) p-polarised light and b) s-
polarised light. The excitation wavelength was 514 nm. No scale is given by Whittle for the

data in part a.
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For unpolarised light incident on samples deposited on substrates roughened by
chemical etching, an enhancement of approximately 8 times that of a smooth surface is
observed at an emission energy of 2 eV in copper and a 2.2 times enhancement at
approximately 2.2 eV in gold. A shift in the peak photoluminescence emission energy is

also observed for these samples (Figure 2.12) [10].

2.5.11. Oxidation

Oxidation in copper involves the diffusion of copper ions rather than the process
more common in other metals of the diffusion of oxygen into the metal [81]. The transfer

of metal ions occurs through the formation of vacant cationic sites. The contact potential

Cu Au
. hw, =234 eV

4.67eV

haw, (eV)

Figure 2.12 Photoluminescence emission spectra for copper and gold as measured by Boyd
for smooth (solid line) and rough (dashed line) regions of a 1000 A thick film on a glass
substrate half of which had been roughened by chemical etching. [10]. Measurements were
made for 3 excitation energies a) 2.34 eV, b) 3.50 eV and c) 4.67 eV. The scale of the spectra

from the smooth surfaces are enhanced by the value shown in the brackets.
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difference between the metal and adsorbed oxygen leads to a strong field in the oxide
film enabling the metal ions to move within the film without the need for elevated
temperatures.

Oxidation in copper occurs rapidly over a short period of time (minutes) before
slowing to a rate at which the oxide film becomes stable and increases in thickness at a

slower rate. The rate of oxidation in copper can be expressed as [81, 82]

cil_)t( =aexp(-bX)

| : (2.38)
X= (—jln(abt)
b
where
a=QNvexp (%) exp ( Zec;{;(’ j
' & (2.39)
p - —P7ea
ekT

X is the oxide thickness at time ¢, Q is the volume of oxide per cuprous ion, N is the
number of copper ions per unit area in the oxide at the gas-oxide interface, v is the
vibrational frequency, W is the activation energy for the formation of a vacancy, @’ is the
distance to the top of the barrier, E is the electric field strength and ze is the charge of the
copper ion. The temperature dependence of the rate of film formation increases non
linearly with temperature from 0.10 A/hr at 78 K to 0.25 A/hr at 323 K [81]. The oxide
layer can grow to be 15 A thick at 298 K in only 5 hours [82].

Gold is one of the least reactive elements in the periodic table. Its inert nature is
due to the repulsion between the orbitals of the adsorbate and the filled d-states of the
metal [83]. The strength of the adsorbate-metal interaction and the energy of the barrier
to dissociation is determined by the orbital overlap and the filling of the antibonding

states during adsorption [84]. Gold has a higher barrier for dissociation than its
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neighbours in the periodic table as well as the least stable chemisorption state. A
combination of these factors hampers adsorbate binding and reactivity of gold and

prevents the formation of an oxide layer [84].

2.6. Photoluminescence studies of superconductors

2.6.1. Introduction to superconducting materials

The transition of a superconducting material from the normal to superconducting
state occurs at a temperature known as the critical temperature, 7c. The phenomenon
was first discovered in Hg in 1911 by Heike Kamerlingh Onnes [85]. Two key properties
are observable below the critical temperature; zero electrical resistivity and expulsion of
magnetic flux (Meissner effect). In their normal (non-superconducting) state,
superconductors basically show the usual properties of metals, dependent upon their
electronic structure.

One of the aims of this thesis is to measure the photoluminescence emission
spectra of a range of superconductors. However, the nature of their electronic structure
poses the same difficulty as for the measurement of the photoluminescence emission
spectra of metals, in that their emission yields are extremely low. A second complexity
with their measurement is the difficulty in achieving sample temperatures below the
superconducting transition temperature whilst under laser illumination. This second
complexity will be discussed in detail in chapter 4.

With a view to the measurement of photoluminescence emission from a range of
superconducting materials, we review the classification of superconductors and give a

brief summary of the theory of superconductivity. The band structure and optical and
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electronic properties of superconductors are studied to increase the understanding of the
photoluminescence emission processes in these materials. Finally, measurements of
photoluminescence emission from superconductors as a function of temperature from the

literature are reviewed.

2.6.2. Introduction to superconducting materials

Types of superconductors

Superconductors are commonly divided into two classes; conventional and
unconventional. Conventional superconductors follow the predictions of the Bardeen,
Cooper, Schreiffer (BCS) theory whilst the behaviour of unconventional superconductors
cannot be explained by this theory. In the late 1980s, high temperature superconductors
(HTS) were synonymous with unconventional superconductors and low temperature
superconductors (LTS) with conventional behaviour. However, there have since been
discovered a number of superconductors whose behaviour cannot be explained by the
BCS theory but which have transition temperatures in the low temperature regime, such
as oxygen deficient YBCO.

Classification by composition shows that metallic or elemental superconductors
typically have low critical temperatures below 10 K and include Al, Pb, Sn and Nb.
Conventional alloys and compounds including materials such as NbTi, NbsSn, the
Chevrel phase superconductors and MgB, and have transition temperatures below 40 K.
The cuprate superconductors are ceramics with a perovskite structure and have transition
temperatures ranging from tens of Kelvin to more than 130 K depending upon their
structure. Other superconducting materials, which will not be discussed in this work,
include heavy fermion superconductors (HFS), the Fullerene (Cep), and the recently

discovered iron arsenic compounds (pnictides) [86].
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Another common method of classifying superconducting materials considers the
method of penetration of magnetic fields into the sample. The field above which
magnetic flux penetrates into the sample is known as the critical field of the
superconductor, Hc. In a type I superconductor, the superconducting state collapses
completely at a single magnetic field. However, in a type Il superconductor, a mixed
state exists between a lower critical field and upper critical field. At the lower critical
field, Hci, magnetic flux penetrates the superconductor as quantised flux lines. As
magnetic field is increased further, the density of flux lines increases until complete
penetration of magnetic flux occurs at the upper critical field, Hc,. Type 1
superconductors are usually metals or metalloids with a finite conductivity at room
temperature. The highest known transition temperature of any Type I superconductor at
atmospheric pressure is currently Pb at 7.2 K. At higher pressures the record for the

critical temperature of metallic superconductors is 17 K for sulphur at 157 GPa [87] [88].

2.6.3. Theories explaining superconducting behaviour

BCS theory

In 1957 a theory explaining the behaviour of superconductors was proposed by
Bardeen, Cooper and Schreiffer (BCS theory). The theory is a microscopic formulation
of superconductivity, capable of describing the behaviour of conventional
superconductors extremely well [12]. It postulates that a weak attraction binds electrons
into Cooper pairs at the Fermi surface. The binding energy between the two electrons in
the Cooper pair can be written as 2A(7). The energy required to break the bond between
electrons opens a gap in the band structure at the Fermi energy. The gap energy is

temperature dependent and at zero Kelvin can be expressed as [89]
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A(0) =2hw, exp[— j (2.40)

NV
where wp is the Debye frequency, N(0) is the density of states at the Fermi energy and V'
is the electron-phonon interaction potential. The gap energy is typically in the milli
electron volt range equating to the IR region of the optical spectrum.

The superconducting critical temperature, 7¢, is expressed in terms of the gap

energy as [90]

k,T =1.14hw, exp| — ! _240) . (2.41)
N©OYW 3.52

Ginzberg Landau theory

Extending the microscopic theory to describe the properties of superconductors in
magnetic fields (in particular the spatially inhomogeneous mixed state of type II
superconductors) is a formidable task. Rather, to predict the behaviour of
superconductors in magnetic fields, the macroscopic Ginzburg Landau theory (GL) is
applied. Work by Gor’kov in 1959 showed that GL theory could be derived from BCS
theory [91].

The Ginzburg Landau theory is a macroscopic, phenomenological theory where it
is assumed one can postulate a Gibbs energy functional in which the wavefunction, y, is
a complex order parameter. The complex order parameter is directly related to the
density of states of the superconducting electrons and is minimally coupled to the
electromagnetic field. From the Gibbs energy functional, two so-called Ginzburg Landau
equations are derived. The first Ginzburg Landau equation (GL-I) relates variation in the

wavefunction to the vector potential A [92]:

i(—ihV—ZeA)2w+m//+ Bl v =0, (2.42)
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where a and S are functions of temperature and are related to the order parameter of the
system. A full derivation of the Ginzburg Landau theory is given by Tinkham [93].
The second GL equation (GL-II) is the standard expression for quantum

mechanical current, J.:

2

Je=—@(w*vw—vav/*)—4iw*t//A- (2.43)
m m

These two equations can be used to derive the properties of Type I and Type II
superconductors. The magnetic response of these two types of superconductors are
shown in Figure 2.13.

Ginzburg Landau theory leads to two characteristic lengths for superconductors;

the coherence length and the penetration length. The coherence length, &, of a

superconductor is the distance over which the complex order parameter varies without

an increase in energy and can be expressed as

2o I

. (2.44)
o

Equation (2.44) holds true deep inside a bulk type I superconductor and away from
surfaces within a bulk type II superconductor. The distance over which the magnetic flux
density drops to zero at the surface of the superconductor is defined as the penetration

length (4;) (Figure 2.13)

/12 mﬂ

= 7 2.45
- 4€2ﬂ0 |a| ( )

The temperature dependence of the penetration depth is found from the temperature

dependence of « and /.
The ratio of A, to ¢ is defined as the Ginzburg Landau parameter, «, which can

be used to distinguish Type I and Type II superconductors
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Figure 2.13 The variation of magnetic flux density, B, and the complex order parameter,

v, at a superconducting — normal state boundary for ¥ << 1 (type I) and x >> 1 (type 1I)

superconductors (adapted from reference [93]). 4 is the penetration length of the

superconducting material and ¢ is the coherence length.
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Type 1 superconductivity occurs in the region where K‘<l/ V2 and Type 1I

superconductivity when x > 1/ V2.

In a Type II superconductor the lower critical field, Hc, is found by equating the
free energy of a system with no flux to one with a single quantum of flux leading to an

equation for H¢; given by

HoHa— ¢ ~Ink = Hcan (2.47)

ok

where ¢, is the magnetic flux quantum and is defined as

¢ =—=2.07x10" Tm". (2.48)
e

At the upper critical field, Hcp, complete penetration of flux occurs and the

superconductor becomes normal. In this regime B = y,H,, and Hc; is defined as:

He, =—¢°2 : (2.49)
271406 (T)
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Comparing Hc; to the equation for the critical field, Hc gives:
H.,=x2H,, (2.50)

which is shown schematically in Figure 2.14.

Abrikosov introduced the spatial variation of the macroscopic wavefunction, y, in

the mixed state region of type II superconductors by considering a lattice of penetrating
flux lines [94]. Further work by Kleiner et al. recreated the experimentally observed
triangular flux line lattice [95]. The nearest neighbour distance in the triangular flux line

lattice suggested by Kleiner is represented by [93]
1 1 1
4 \4 ¢0 2 ¢ 2
a,. . =|—| || =1.075| 2| . 2.51
triangular (3 j ( B ) ( B j ( )

2.6.4. Band structure of superconductors

The band structure of a material is extremely important in understanding its
optical properties as was seen in section 2.5.2. for the gold and copper. The following
section will review the band structure of the metallic superconductor; niobium, the
Chevrel phase superconductors and certain high temperature cuprate superconductors.

The band structure of niobium consists of widely spaced d-bands and hybridised
sp-bands close to the Fermi energy. This is similar to the band structure observed in gold
and copper. However, the d-bands of niobium are more widely spaced and are only

partially filled, unlike the filled bands of gold and copper [96, 97].
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Figure 2.14 Critical fields in type I and type II superconductors. Diagram modified from
reference [98].

The structure of the Chevrel phase materials is of the form M(RE)Mo¢Xs, where
X is a chalcogen atom, M is an alkali metal and RE is a rare earth dopant [99, 100].
There is a large charge transfer between the M site and the Mo¢Xs cluster which leads to
the energy bands associated with the M atom being located well above the energy probed
by optical techniques. The Fermi energy in Chevrel phase materials falls within the Mo
4d bands which lie within approximately 5 eV either side of the Fermi energy [99, 101,
102]. When large elements such as Sn or Pb are entered in the alkali metal position, the
distance between the MosXs clusters is increased, decreasing the position of the Fermi
energy. A high density of states is observed at the Fermi energy due to the flat nature of
the Mo 4d bands. Just above the Fermi energy a band gap of approximately 1 eV is
present with the exact location determined by the electronic structure of the MogXs
cluster.

Band structure calculations and measurements of the cuprate superconductors are
strongly dependent upon the oxygen content of the sample. Cuprate superconductors
have a perovskite structure where planes of copper oxide are separated by rare earth
atoms. High temperature cuprate superconductors with a majority of hole carriers (p-
type) show a flat band close to the Fermi energy with extended saddle points

corresponding to Van Hove singularities in the density of states [103].
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2.6.5. Optical and electronic properties of superconductors

The following section considers the optical and electronic transport properties of
three types of superconductor: the elemental superconductor, niobium; the Chevrel phase
superconductors and the high temperature cuprate superconductors, focussing where data
is available on YBCO and DyBCO.

The optical and electronic properties of a sample are of great importance to the
understanding its photoluminescence emission. Reviewing these properties can give a
strong indication as to the expected photoluminescence emission yields and energy
ranges of interest. The effect of absorption and band structure on the probability of
exciting an electron - hole pair and the free carrier density were discussed in detail in
sections 2.4.2. and 2.5.2. The following sections consider measurements on
superconducting materials to determine their optical properties. The data is presented via
measurements of optical conductivity, absorption and reflectivity spectra, electrical
resistivity (conductivity), Hall effect measurements and photoemission studies.

Optical data for the cuprate superconductors are often contradictory as the
measurements are strongly dependent upon the quality of the sample, preparation method
and defect concentration and disorder. An excellent series of reviews are available which
give in depth detail about the measurement of optical and electronic properties of

superconductors [104-109].

Optical properties

Optical conductivity

Infrared spectroscopy measurements of ordinary metals can be described using a

Drude-like optical conductivity (¢) which can be expressed as [110]
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o= o’y (2.52)
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where m is the electron rest mass, N, is the density of free electrons and y is the damping
parameter described in the Drude-Lorentz model. The damping parameter can be

described in terms of the electrical conductivity of the metal gy by [111]

B Ne?

mo,

y (2.53)

The Drude optical conductivity can be used with moderate success to describe the
behaviour of BCS superconductors such as Pb and the Chevrel phase superconductors
[99, 105]. However, the high temperature cuprate superconductors show a dramatic
deviation from the Drude relationship showing damping which is linear in frequency

above the region of electron-phonon coupling [105].

Absorption and reflectivity

The absorption spectrum of a material is an important means of identifying its
optical properties. This section describes the main optical regions experimentally
observed in the literature for niobium, the Chevrel phase materials and the cuprate
superconductors.

Two distinct regions are identifiable in the absorption spectrum of niobium; a low
frequency region dominated by intra-band transitions and a region of inter-band
transitions at visible wavelengths. Peaks in the optical spectrum of niobium are attributed
to transitions between the valence d-bands at 1.04 eV, 2.20 eV and 4.04 eV [112]. The
specific bands are identified in the paper by Romaniello [96]. The optical properties of

niobium are isotropic due to the BCC structure of the unit cell. Measurements on the low
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temperature superconducting alloy, Nb3;Sn show no change in reflectivity between 7 K
and 50 K [16].

A sharp increase in reflectivity to almost 100 % is observed from the Chevrel
phase materials below 1 eV [99]. This behaviour is indicative of metallic behaviour,
however, a small free carrier concentration means that the Chevrel phase materials are
generally considered to be poor metals. Between 1 eV and 8 eV interband transitions are
evident primarily due to transitions between the S¢p and Mogd bands [99]. Above 8 eV
the reflectivity is constant. Reflectivity spectra are similar for all Chevrel phase materials
confirming the assumption that absorption in the visible region is due to transitions
within the MogSg clusters [99].

Absorption in the mid infrared region of the optical spectrum of cuprate
superconductors is attributed to charge transfer between free carriers within the CuO,
planes [15, 113]. As for the Chevrel phase materials, below 1 eV a sharp increase in
reflectivity is observed [113]. The transmission spectrum of YBCO between 0.25 eV and

3 eV is largely featureless [114].

Electronic properties

Transport properties

For most superconductors, resistivity, p, in the normal state at temperatures close to

T¢ is given by the Bloch-Gruneisen relation [115]:
p(T=>2T.)=BT", (2.54)

where B and n are constants with n known as the resistivity exponent.

In simple metals, at temperature between a tenth and twentieth of the Debye
temperature, standard theory attributes an n = 5 dependence to standard phonon damping,
an n = 3 dependence to s—d electron transitions and an n = 2 relationship to electron-
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electron interactions [115]. Optimally doped high temperature cuprates have a linear
relationship with temperature (n = 1 dependence). Organic superconductors, Fullerenes,
non-optimally doped cuprates and Nd based cuprates show an n = 2 dependence [116]. A
review of the relationship between superconducting critical temperatures and the
resistivity exponent can be found in the paper by Ruvalds [105].

The sign of the Hall coefficient in Hall effect measurements gives information
about the charge carriers in the material. A positive sign indicates that the majority
carriers are holes and a negative sign that they are electrons. In a system with only one

type of carrier, the Hall coefficient (Ry) can be written in its simplest form
R, =——o, (2.55)

where n is the density of the majority carriers and e is the charge of the electron. In
normal metals, the Hall coefficient is temperature independent. For the high temperature
cuprates the change in the temperature dependence of the Hall coefficient exactly follows
the temperature dependence of the resistivity. The Hall coefficient is also strongly
dependent on oxygen content in the high temperature cuprates [117].

A universal correlation between 7¢ and the superconducting carrier density ()
divided by effective mass (m*) has been demonstrated by Uemura and Schneider using
muon spin relaxation rate measurements [118-120]. The relationship has been shown to
apply to the high temperature cuprates, bithmuthate, Chevrel phase, organic and some
heavy fermion superconductors [119-121]. These materials have been termed ‘exotic’
superconductors and show ng/m" initially increasing with relaxation rate before saturation
followed by suppression. The initial linear increase has an identical slope for all of the
exotic superconductors.

One of the first pieces of evidence for the superconducting energy gap (2A) was
the observation of an exponential decay in specific heat below a sharp jump at the

48



superconducting transition temperature [122]. Raman spectroscopy and Angle Resolved
Photoemission Spectroscopy (ARPES) measurements of high temperature cuprates have
shown the superconducting gap to have d-type symmetry [105, 123, 124]. The Raman

3 in the low frequency part of the spectra of high temperature

intensity varies as @
superconductors and as w in BCS superconductors. ARPES measurements of optimally

doped cuprate samples have shown the superconducting gap magnitude to scale linearly

with Tc [123].

2.6.6. Photoluminescence measurements of superconductors from the

literature

Studies of the photoluminescence emission of superconductors have to date
measured the conventional superconductors; Nb3;Sn and MgB; and the high temperature
superconductors; La,CuQO4, YBa;Cu3075, Bi,Sr,CaCuy0s5, and YBa,CusOgs [13-18].
An excellent review of luminescence measurements of high temperature superconductors
has been written by Pawar [19].

Sample quality and the method of sample fabrication strongly affect the measured
photoluminescence spectra [13]. The form of the superconductor, i.e. thin film or bulk, is

also found to be significant in influencing the measured luminescence spectra [19].

Room temperature spectra

Photoluminescence emission from cuprate superconductors is complex, with
almost all studies on nominally identical samples displaying peaks at different energies.
The mechanisms used to explain the transitions also vary greatly. Table 2.3 summarises

the many different processes attributed to photoluminescence emission in the literature
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for YBCO. Photoluminescence emission from cuprate superconductors has been shown

to have a strong dependence upon defect concentration, oxygen content, surface

contamination, sample fabrication and excitation energy [13, 14, 19].

AMnm) | E (eV) | Process Reference

660 nm | 1.88 eV | Transitions from electrons trapped at oxygen | [20]
vacancies - Not possible in optimally doped
YBCO as there are no oxygen vacancies

611 nm | 2.03 eV | Emission not associated with defects — No [20]
alternative explanation given

580 nm | 2.14 eV | Transitions between holes in the oxygen [19]
derived 3d'’ and 3d’ valence bands

571 nm | 2.17 eV | Band gap of Cu,0O at 2 K [125]

540 nm | 2.3 eV | Transitions between holes in the oxygen [19]
derived 3d'’ and 3d’ valence bands

530 nm | 2.34 eV | Transitions from oxygen depleted zones [13]

517eV | 2.4eV | Transitions from oxygen vacancies and [14, 15, 20]
photoexcitation in the CuO; plane

443 nm | 2.8 eV | Transitions between Cu2+ (Cu+) ions in the | [14, 15]
CuO; planes and Cu-O-Cu chains

365nm | 3.4eV | Luminescence from Y03 [13]

Table 2.3. Peak photoluminescence emission energies and assigned mechanisms from the

literature for the cuprate superconductor YBCO.
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Emission at 2.4 eV is attributed to photogeneration of electron-hole pairs in CuO,
planes [14, 15]. Electrons are excited into the unoccupied p-levels of the oxygen ions in
the Cul-O4-Cul chains while the holes remain in the CuO, plane. Radiative
recombination then takes place within the chain. Emission at 2.8 eV is attributed to
photoinduced charge transfer where an electron is excited into the conduction band,
which then travels to the Cul-O4-Cul chain and is trapped by an oxygen ion or F centre
with the chains acting as a charge reservoir. In materials where the Cu ions are only
present in the CuO, planes, only a single peak has been observed at 2.4 eV [15].
Photoluminescence from Y,03 has been observed at 3.4 eV under UV excitation energies
[13].

When the photoexcitation density is high enough, persistent photoconductivity
(PPC) is observed in underdoped cuprate superconductors. The process photodopes the
superconductor and is analogous to chemical doping, increasing the oxygen content of
the underdoped YBCO. The process is able to change the sample from an insulator to a
metal and can lead to photoinduced superconductivity (PISC) [20, 126]. PPC cannot
occur in optimally doped YBCO as there are no oxygen vacancies.

Photoluminescence of NbsSn displays a peak at 2.33 eV (532 nm) [16]. The
luminescence is attributed to transitions between the 4d-band of niobium (located
between 2 to 3 eV below the Fermi energy) and the sp-bands of niobium and tin near the
Fermi energy. The process of photoluminescence emission in NbsSn is considered to be
analogous to the emission seen in gold and copper.

The low temperature superconducting alloy, MgB,, displays a photoluminescence
emission peak between 2.75 — 3.1 eV (400 — 450 nm) which is attributed to Mg based

impurity phases in the superconductor [18].
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Variable temperature measurements

Results for the variation in luminescence across the superconducting transition
between the normal and superconducting state vary greatly. A sharp increase in the
intensity of the main 2.33 eV peak of NbsSn is reported below 7¢ in measurements by
Tominaga (Figure 2.15) [16]. The increase is attributed to an increased probability of
relaxation of electrons and holes from excited states to emitting states below 7¢ [16]. The
initial and final luminescence states are not affected upon entering the superconducting
state as their energies are far from the superconducting gap at the Fermi level. Thus,
since reflectivity does not change as a function of temperature, it is suggested that the
only remaining variable is relaxation rate.

Evidence for the change in photoluminescence across 7¢ in YBCO is
inconclusive. No change at 7¢ is reported by Garcia (Figure 2.16) [13]. However, the
relative intensity and peak position of the 2.4 eV and 2.8 eV peaks are reported to change
across the superconducting transition in the work by Eremenko (Figure 2.17) [14]. The
change is attributed to the hindering of recombination of excited states with the

superconducting condensate [14].
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Figure 2.15 The change in the multiphoton induced photoluminescence intensity at 2.33 eV
for Nb3;Sn measured using a 1 mJ/pulse laser excitation source as measured by Tominaga

[16].
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Figure 2.16 a) Photoluminescence emission spectra of YBCO as a function of temperature

as measured by Garcia b) Peak photoluminescence emission intensity and peak position

plotted as a function of temperature [13].
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Figure 2.17 a) Temperature dependence of the absolute band intensities for the 2.8 eV and

2.4 eV photoluminescence emission peaks in YBCO single crystal as measured by

Eremenko b) temperature dependence of the ratio of intensities for the 2.8 eV and 2.4 eV

peaks [14].
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Time dependent light emission

Another interesting phenomenon observed in the photoluminescence emission of
oxygen deficient YBCO is a variation in peak photoluminescence intensity over a period
of hours. The variation is attributed to persistent photoconductivity (PPC) where excited
photodoped states gradually recombine radiatively by overcoming a distribution of
energy barriers and relaxation times [20, 126]. A detailed review of PPC is given by
Gilabert [127]. Persistent photoconductivity is only observed in underdoped YBCO,
where oxygen vacancies are present [126]. In optimally doped YBCO the process cannot
occur as there are no defect states to trap the excited electrons.

A second process commonly associated with the delayed radiative recombination
of electrons is phosphorescence [128]. Electrons in an excited metastable state
(commonly a triplet state) recombine with a singlet ground state. Transitions between the
two states are forbidden by quantum mechanical selection rules and hence have a low
probability of occurring leading to the delayed emission. Transitions between the ground
singlet state to the excited triplet state are faster than the reverse triplet to singlet
transition. Phosphorescent materials (phosphors) are typically rare earth compounds,

transition metal ions, alkali halides or ns” type ions (including Cu’, Au” and Ag)[129].

2.7. Considerations for photoluminescence measurements

Measurement of photoluminescence emission requires three components; an
excitation source matched to the absorption region of the sample, optics to condition the
luminescence emission (to remove the elastically scattered excitation light) and
instrumentation to detect the luminescence emission. Standard photoluminescence

emission measurements are made using one of four methods: darkfield, episcopic,
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confocal and multiphoton excitation spectroscopy (Figure 2.18). Each of these techniques
will be briefly discussed below. Two key features in the experimental setup are of vital
importance for the measurement of low yield photoluminescence emission from metals
and superconductors. These are the reduction and removal of unwanted
photoluminescence emission from optical components and the excitation and collection
of the highest possible intensities of photoluminescence emission from the sample.
Measurements of photoluminescence emission from gold, copper and superconductors
are most commonly carried out using darkfield and multiphoton techniques [3, 9, 10, 13-

16, 66, 130].

2.7.1. Experimental geometries

Darkfield luminescence microscopy

Darkfield luminescence microscopy excites the sample through an independent
optical pathway to the emission collection pathway (Figure 2.18a). The collection optics
are angled off-axis so only a minimal amount of elastically scattered light from the
excitation source directly enters the post excitation optics. However, the non normal
angle of incidence on the sample surface increases scattering from the sample making
removal of the scattered excitation light more complex than other luminescence

techniques.

Episcopic luminescence microscopy

Episcopic luminescence microscopy uses the same optical pathway for
luminescence excitation and emission collection (Figure 2.18b). The focussing and
collection objective is located closer to the sample surface as the scattered excitation light

passes through the collection optics rather than being avoided. Since the optics can be
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located close to the sample, the intensity of the measured luminescence is significantly
increased. The reflected excitation light is removed from the emission spectrum using a
dichroic filter. The main disadvantage of episcopic luminescence spectroscopy is
luminescence from within the objective lens which is subjected to the full excitation

intensity and is part of in the emission pathway.

Confocal luminescence microscopy

Confocal fluorescence microscopy uses an experimental arrangement similar to
that of episcopic luminescence microscopy with the addition of two pinhole apertures
(Figure 2.18c). The pinholes reduce the luminescence detected from optical components

by limiting the measured luminescence to the focal the point of the excitation optics. The
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Figure 2.18 Schematic diagram of a) darkfield b) episcopic c¢) confocal and d) multiphoton
photoluminescence emission spectroscopy experimental geometries for single photon

excitation.
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technique increases spatial resolution but reduces the intensity of the measured
luminescence from the sample due to the reduced intensity of the excitation source after

passing through the pinholes.

Multiphoton excitation spectroscopy

Multiphoton excitation spectroscopy typically uses a pulsed infrared laser to
excite luminescence at green or ultraviolet energies. The pulse length of the laser is such
that two photons from neighbouring pulses are simultaneously absorbed, exciting the
photon via an intermediate state to an energy which is twice that of the laser wavelength.
The experimental setup for multiphoton spectroscopy is shown in Figure 2.18d.

Experimental alignment and timing are extremely important in multiphoton
spectroscopy as two-photon excitation can only occur if pulses from the laser both
spatially and temporally overlap. If there is a mismatch in either of these requirements
only single photon excitation at IR wavelengths is possible. This technique is
advantageous for samples with low luminescence yields as excitation at higher energies
only occurs at the focal point of the laser, thus reducing the problem of luminescence

from optical components, sample holders or contaminated regions of the sample.

2.7.2. Optical materials for low luminescence intensity systems

All four photoluminescence spectroscopy techniques described above require the
highest quality of optical materials to perform measurements on samples with low
photoluminescence emission yields. Luminescence from optical components increases as
a function of absorption within the lens. The absorption coefficient of the lens is

dependent upon the type and density of defects and impurities. The choice of optical
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materials for lenses and filters is therefore crucial in ensuring a low background to the
sample luminescence emission.

Typical impurities in optical materials include straie, bubbles and inclusions.
Straie are small thread-like structures between 0.1 and 10 mm long that lead to deviations
in the refractive index over a small area. Inclusions are formed from stones and crystals
with cross sections greater than 30 microns [131, 132].

Schott glass (high quality optical glass) is highly homogeneous with low bubble
content giving high (90 — 95 %) transmissivity in the range 380 — 2100 nm. This material
is the most commonly used material for IR and UV applications [131, 132].

Of even greater purity is synthetic fused silica (SiO,) which contains negligible
striae and inclusions [131, 133-135]. The material is non crystalline with an impurity
content of 1 part per million. UV grade fused silica has the highest transmission
coefficient of any optical material with an absorption loss two orders of magnitude less
than Schott glass. This leads to fluorescence levels approximately 0.1 % that of natural
quartz. However, there is a large dip in transmittance at 950 nm for UV grade fused
silica.

For measurements in the IR region, calcium fluoride (CaF;) is commonly used as
it displays high transmittance out to 10 pum [131, 133, 135]. In high temperature
environments, low-expansion borosilicate glass (e.g. Pyrex) displays excellent thermal
stability. However, it contains many striae and bubbles reducing the lens homogeneity
[131, 133]. The most common material for mirror substrates is low index commercial
grade optical crown glass.

Sapphire (Al,O3) has lower transmittance than fused silica at approximately 85 %

between 150 nm — 6000 nm [131, 135]. However, its high strength makes it an excellent
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material for windows in cryostats and vacuum chambers. The application of
antireflection coatings can increase transmission to 98%.

Windows for use in cryostats and vacuum chambers experience a substantial
pressure differential across their surface. The recommended minimum window thickness,

T, for a clamped circular window under maximum stress is given by [136]

T =0.866D /% , (2.56)

where P is the pressure difference across the window, F, is the apparent elastic limit of
the material and D is the unsupported diameter of the window. The numerical constant
takes into account the safety factor and the method of support for the window (i.e.
clamped or unclamped).

For the instrument designed and commissioned in this thesis, UV grade fused
silica was used for all standalone lenses and in the cryostat window as the priority was to
reduce potential sources of luminescence whilst maximising emission collected from the

sample.

2.7.3. Optical filters

Optical filters operate by either absorption or reflection of incident light.
Absorbing filters are commonly fabricated from coloured glass. Longpass coloured glass
filters absorb almost 100 % of light incident at wavelengths shorter than the specified cut
off. However, due to their high absorbance they display strong luminescence under laser
illumination.

Dichroic filters are formed from a series of thin film layers which reflect light for

all but the required pass band wavelength range. Light rejection is highly dependent upon
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the angle of incidence. Little or no luminescence is excited in the filter as they reflect
rather than absorb the incident light.

Preliminary measurements showed that coloured glass filters could not be used
for the measurement of photoluminescence emission from metals and superconductors.
The strong luminescence emission from the glass filter dominated the measured emission
spectra even when the filter was only subjected to low levels of scattered excitation laser
illumination. Therefore, a reflecting dichroic filter matched to the excitation laser
wavelength was selected to condition the optical pathway of the collected

photoluminescence emission.

2.7.4. Detection methods

The choice of detector and measurement technique for samples with low yield
photoluminescence emission is extremely important as the emission is weak. In the case
of our measurements, the emission intensity could not be increased by increasing
excitation power due to heating of the sample by the laser when under vacuum inside the
cryostat.

Two methods are commonly used for the detection of luminescence. In the first
technique, a monochromator is scanned incrementally across a range of wavelengths and
the intensity of the detector signal measured at each wavelength. The detector in this case
requires no spatial resolution and photomultiplier tubes or photodiodes are commonly
used for this purpose. The second method uses a dispersing monochromator coupled to a
spatially resolved detector. Commonly a CCD array detector is used with this technique,
where each of the pixels in the CCD array corresponds to a small range of wavelengths.

The details of the operation of the three main types of detector (PMT, photodiode and
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CCD array) will not be given here, however, an excellent review has been written by
Hungerford [137].

For low yield photoluminescence emission measurements, the signal to noise
ratio of the detector is of greatest importance. It can be assessed through the
consideration of the detectors ability to produce charge compared to the number of
incident photons detected (quantum efficiency) and the dark noise of the detector
generated by the thermal motion of electrons.

Photodiode detectors have excellent quantum efficiencies in the region of 80 — 90
%, whilst photomultiplier tubes have much lower efficiencies at 20 - 40 % [138-140].
The quantum efficiencies of each type of detector are quoted for their maximum value
across the whole wavelength range. The sensitivity of each detector decreases rapidly
outside their operating range with photodiode detector sensitivity commonly dropping
below 30 % below 700 nm and PMT sensitivity dropping below 10 % above 850 nm.
Therefore, for measurements below 600 nm, PMT are the optimum single channel
detector and above 850 nm, photodiode detectors are preferential.

Dependent upon the design on the device, CCD array detectors have quantum
efficiencies above 90 % in the visible region [141]. Detector sensitivity is relatively
constant across its region of operation, however, most CCD detector sensitivies drop
below 10 % above 1000 nm. Dark noise from the detector is strongly temperature
dependent and cooling the detector by only 20°C can decrease dark noise by an order of
magnitude. The most common means of cooling the detector is via a peltier stage or
liquid nitrogen which can reduce dark noise to less than 1 electron per pixel per hour in
the case of modern CCD detectors [141, 142].

The dynamic range (maximum count rate) of the detector is not a limiting factor

for the measurement of low yield emission since the detector is unlikely to be saturated.
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The time lag in the removal of charge from the detector is also not a concern, since the
measurements are carried out on a time frame of seconds to minutes rather than
nanoseconds or even picoseconds as would be required for time resolved spectroscopy.

A CCD array detector was chosen for this study as it was capable of measuring a
60 s exposure across the complete wavelength range of interest in a single reading with
0.3 nm wavelength resolution. The equivalent time for a measurement of this exposure
time using a PMT or photodiode would have been impractical as a complete scan of the
550 nm measurement range would have been in the region of 15 hours, assuming a

detector efficiency twice that of the CCD array.

2.7.5. Optical cryostats

Common designs of cryostat include dipper probes, liquid and gas flow cryostats
and cryocoolers. Dipper probes immerse the sample directly into the cryogenic liquid.
This limits the temperature of the sample to a range close to that of the cryogen.
Although optical access through the cryogenic liquid is difficult, the technique is
documented as having been used in the measurement of photoluminescence of the low
temperature superconductor, Nb3Sn, where the sample was immersed in superfluid liquid
helium [17].

Liquid flow cryostats continuously exchange liquid helium or nitrogen between
the cold finger of the sample holder inside the cryostat and a dewar. Temperature control
is excellent using this technique, however, the geography of the experimental setup in the
laboratory can be difficult is due to the requirement for a continuous supply of cryogenic
liquid.

Gas flow cryostats, operate by pumping a flow of cold gas past the sample from a

bath of cryogenic liquid surrounding the sample chamber. Temperature control is again
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excellent and vibrations within the cryostat are minimal as there is only a single moving
valve controlling gas flow. The requirement for a continuous supply of cryogenic liquid
again increases the complexity of the laboratory setup.

Cryocoolers compress helium gas using a moving displacer within the cold head
of the cryostat. Using this technique the sample stage is cooled to temperatures as low as
10 K without the requirement for a dewar of cryogenic liquid. Conventional cryocoolers
suffer from large vibrations created by the movement of the displacer. However, modern
cryocoolers use a pulse tube refrigerator, reducing vibrations and producing cooling to 2
K. A thorough discussion of the operation of pulse tube refrigerators can be found in
reference [143].

For this study an optical cryostat with a pulse tube refrigerator was chosen as this
provided the potential to reach the lowest base temperature without the requirement for a
supply of liquid helium in the laboratory, which was not practical due to the geography

of the laboratory arrangement.

2.8. Conclusion

This chapter has considered theoretical and experimental approaches relating to
the measurement of photoluminescence emission from metals and superconductors. The
optical properties in the component processes of photoluminescence emission have been
discussed using a classical optics approach which looked at the absorption, reflection and
transmission characteristics of light in simple metals. Photoluminescence emission has
been discussed in detail, firstly, in the case of a conventional sample, such as a
semiconductor, before considering the processes occurring in metals and

superconductors. Experimental data from the literature for the measurement of
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photoluminescence emission from metals and superconductors has also been discussed
and its reliability assessed. The variation of photoluminescence emission across the
superconducting transition has been discussed and the discrepancy between different
studies considered.

This chapter has also presented a review of the experimental considerations for
photoluminescence measurements with its focus on the optimum components for the
measurement of low yield photoluminescence emission. The section concludes that a
darkfield luminescence spectroscopy setup with fused silica lenses and reflecting rather
than absorbing filters will offer the best arrangement for measuring low yield samples.
The detector of choice is a CCD array detector with a dispersing monochromator as this
setup would allow measurement of the full wavelength range of interest in a single long
exposure measurement. Finally, the cryostat which best suits the experimental
requirements of this study is a pulse tube refrigerator due to its ability to produce cooling
to 2 K without the need for liquid helium in the laboratory. Chapter 4 will discuss how
these components have been optimised further for the measurement of low yield

photoluminescence from metals and superconductors.
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Chapter 3. Commercial Equipment

3.1. Introduction

In Chapter 3 data are presented for the optical and electronic characterisation of
the metals (gold and copper), the low temperature superconductors (niobium, PbMogSs,
Pb; xGdxMosSs x = 0.3, SnMoeSg, Sn;xEuxMoeSg x = 0.35) and the high temperature
superconductors (YBCO and DyBCO). For the superconducting materials, the
superconducting transition temperatures are also identified using resistivity, heat capacity
and AC susceptibility measurements as a function of temperature. Preliminary
investigations are also presented for the measurement of photoluminescence emission
from low yield samples using commercial spectroscopy apparatus. This is followed by a
discussion of the advantages and disadvantages of commercial systems. Commercial
systems have the benefit of unrivalled development time, pre-calibration and system
reliability. However, care must be taken to ensure that the equipment is performing to
specification. Preliminary measurements were carried out for the three instruments and
self consistency of data confirmed in addition to cross checking with results from the
literature. When operating to specification, commercial equipment offers ease of use, fast
data acquisition times, automated data collection and versatility of measurement modes.

In section 3.2, a Jobin Yvon Fluorolog 3-22 spectrofluorometer is considered for
the measurement of photoluminescence excitation and emission spectra. The system’s

strengths and weaknesses are analysed for the measurement of metals and
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superconductors. In section 3.3, the operation of a J. A. Woollam VASE series
ellipsometer is discussed and data analysis techniques considered for the measurement of
refractive index, n, and extinction coefficient, x. The limitations of the equipment are
considered for the measurement of bulk samples with rough surfaces. Finally, a Quantum
Design physical properties measurement system (PPMS) is examined and data presented
for resistivity, heat capacity and magnetic moment measurements of superconducting

samples.

3.2. Jobin Yvon Fluorolog 3-22 spectrofluorometer

The Jobin Yvon Fluorolog 3-22 spectrofluorometer (Fluorolog) is a commercial
photoluminescence spectrometer capable of excitation and emission measurements
between 250 nm and 800 nm. The advantage of the Fluorolog design is its modular form
allowing for the integration of extra units such as time correlated single photon counting
(TCSPC) and fibre optic excitation and emission collection. Additional polarisation and
low temperature measurement options are also available for the instrument discussed
below.

The following section considers the system configuration of the Fluorolog and
specifications for the excitation source. Preliminary photoluminescence measurements of
the Chevrel phase superconductor PbMosSs are compared with measurements of black
card and an organic polymer to determine the accuracy of the Fluorolog for the
measurement of samples with low photoluminescence emission intensities. The
limitations of commercial photoluminescence equipment are then discussed and the
strengths and weaknesses of the system examined with consideration for the design of an

instrument for the measurement of low yield photoluminescence emission.

66



3.2.1. System configuration

Figure 3.1 is a schematic representation of the Jobin Yvon Fluorolog 3-22
spectrofluorometer showing the excitation source, double grating excitation and emission
spectrometers, sample compartment and photomultiplier tube detector.

Optical excitation is carried out using a 450 W xenon lamp. Figure 3.2 shows the
xenon lamp emission spectrum measured as part of the recalibration of the Fluorolog
after replacement of the xenon lamp bulb. Table 3.1 lists the specification of the xenon
lamp and slit width for the Fluorolog. The intensity of light emitted by the xenon lamp
changed as a function of wavelength and time. Therefore, to correct for changes in lamp
intensity the monochromated lamp emission was measured coincidentally with the

sample photoluminescence emission. The corrected sample photoluminescence emission

Source

Double-grating
excitation
spectrometer

Photomultiplier
tube

Sample Double-grating
compartment emission
spectrometer

Figure 3.1 Schematic diagram of the Jobin Yvon Fluorolog 3-22 spectrofluorometer with
double grating excitation and emission spectrometers. The source is a 450 W xenon lamp
which is focussed onto the sample using mirrors to reduce chromatic aberration. A
Cryomech PT405 pulse tube refrigerator was suspended within the sample compartment

for variable temperature measurements. Figure adapted from reference [144].
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Component Specification

Xenon lamp 450 W power
Power at the sample at 514 nm excitation wavelength <1 mW
Monochromator slit width I —5nm

Table 3.1 Specification of the Jobin Yvon Fluorolog 3-22 system components

intensity (S.) was calculated by dividing the raw sample emission intensity (Sp) by the

lamp intensity (R) [145]
S, =—". (3.1)

The emission from the xenon lamp passes through an excitation double grating
spectrometer which monochromates the source and maximises stray light rejection. The
double grating design has a high rejection of unwanted excitation wavelengths. An
additional benefit of the double grating design is the doubling of slit width for the same
stray light rejection compared to a single grating. An increase in slit width at the entrance
and exit to the sample compartment increases the excitation power and the proportion of
photoluminescence emission collected.

Mirrors rather than lenses are used to focus the excitation source on to the sample
and to collect luminescence emission. This design reduces chromatic aberration and
ensures that all parts of the sample are at the focal point of the excitation and emission
optics.

The collection optics in the Fluorolog are positioned at 90° to the excitation
pathway. This geometry is best suited to transparent or highly absorbing samples, where
reflection of light from the sample surface is minimal. For highly reflective samples such

as metals, greater than 80 % of the excitation light is reflected into the collection optics.
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Figure 3.2. Xenon lamp emission spectrum measured after lamp replacement for the Jobin

Yvon Flurolog 3-22 spectrofluorometer.

In this case, the double grating emission spectrometer is essential for the removal of stray
light, allowing measurement of spectra 5 nm above the excitation wavelength.

For accurate measurements within 5 nm of the excitation wavelength, an
additional module is available from the manufacturer with a front face collection option.
In this design, the collection optics are positioned at 30° to the excitation pathway so only
scattered light from the samples passes through the collection optics, greatly increasing
stray light rejection. Front face optics were tested for superconductor samples in a second
Fluorolog 3 system but the additional rejection did not change the measured spectra.

To ensure complete isolation of the sample compartment from external light
sources, the sample chamber was sealed using a fitted lid and covered with a blackout
cloth.

A Cryomech PT405 pulse tube refrigerator cryostat was suspended within the

sample chamber for variable temperature measurements. The cryostat was capable of
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controlling sample temperature between 10 K and 300 K with the sample mounted on

copper sample holder in the centre of the sample chamber.

3.2.2. Example spectra

Figure 3.3 shows the normalised photoluminescence emission spectra of the
organic polymer Polyfluorene 2/6, the nominal photoluminescence spectra of the Chevrel
phase superconductor PbMosSs and a section of black card. For the measurement the
PbMosSg sample was mounted on a copper wire on a nickel plated copper sample holder
using GE varnish whilst the black card was mounted on an aluminium holder using
bluetak. Figure 3.3 shows the normalised photoluminescence emission spectra of the
PbMosSs sample and the black card overlaying one another.

We conclude that the nominal luminescence spectra originated from the
Fluorolog sample chamber and not from the samples since there were no components in
common between the two measurements. The luminescence spectrum was only
observable when light was reflected off an object in the sample position and not from the
empty chamber. Examination of the Fluorolog sample chamber using a handheld UV
lamp showed visible luminescence emission from multiple locations where an organic
polymer solution had been spilt. An effort was made to remove the residue completely
but even a small quantity of the polymer produced a luminescence intensity great enough
to mask emission from the metals and superconductors.

The composition of the polymer in the sample chamber was not known, however
the similarity between the spectra of the polyfluorene 2/6 and the unknown polymer
sample suggested that they were both polyfluorene based. Differences between the

polyfluorene 2/6 and the unknown polymer could be due to sample composition and self-
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absorption of the primary luminescence peak in the thicker unknown polymer sample.
The polyfluorene 2/6 spectrum was provided courtesy of Helen Vaughan in the Organic

Electroactive Materials Group at Durham University.
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Figure 3.3. Normalised photoluminescence emission spectra for polyfluorene 2/6 (green
line) and nominally the Chevrel phase superconductor PbMo¢Sg (black line) and black card
(red line). The PbMo4Ss sample was mounted on a copper wire on a nickel plated sample
holder using GE varnish. The black card was mounted to an aluminium holder using
bluetak and the polyfluorene 2/6 was mounted on a glass slide in an aluminium sample
holder. Peak intensity of the polyfluorene spectrum was approximately 10° times higher
than the PbMogS; superconductor and 10° times greater than the black card. Polyfluorene

2/6 spectrum provided courtesy of Helen Vaughan.
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3.2.3. Limitations of commercial photoluminescence systems

Measurements of the photoluminescence emission spectra of metals and
superconductors were not possible using the Jobin Yvon Fluorolog 3-22
spectrofluorometer for the two main reasons outlined below.

The polymer residue in the sample chamber could not be physically removed nor
its photoluminescence emission spectrum mathematically subtracted from the sample
spectrum due to the variable intensity of the polymer luminescence depending on sample
roughness and reflectivity. This ruled out the use of this instrument for measurements
samples with high surface reflectivity or low photoluminescence emission intensities.

Measurements in a second Fluorolog in the Chemistry Department (with front
face optics and no polymer residue) recorded a background spectrum from the anodised
sample holder. Although the sample holder spectrum was a much lower intensity than the
polymer luminescence in the first Fluorolog, no change in the emission spectra was
measured when different samples were mounted to the holder. This indicated that the
intensity of the photoluminescence emission from the metals and superconductors was
below the resolution of the Fluorolog detector. Increasing the power of the excitation
source would have increased the intensity of photoluminescence emission from the

samples, however, this was not possible in the existing commercial Fluorolog setup.
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3.3. J.A. Woollam variable angle spectroscopic ellipsometry

(WVASEP®) series ellipsometer

3.3.1. Introduction

Ellipsometry is commonly used to measure the optical constants and/or layer

thicknesses of thin film and bulk samples. The technique measures the ratio of the

reflection coefficients for s and p polarised light, RS andﬁp, respectively. The s and p

directions of polarisation (also commonly referred to as the o and e directions of
polarisation respectively) are defined in terms of the oscillation of the electric field of the
light wave relative to the optical axis of the sample [78]. In the case of s polarised light
the electric field oscillates perpendicular to the optical axis and p polarised light parallel
to the axis. The ratio between the reflection coefficients is known as the complex

ellipsometric parameter, p , is expressed as [146]

(3.2)

.751|le

>

where
p=tan(¥)e™. (3.3)
¥ is the magnitude of the complex refraction coefficient between the p and s direction
and A is the phase difference. Measurement of the ratio of reflected polarised light is
advantageous as the absolute intensity of the incident and reflected light is not required,
making the method more reliable than standard reflectivity techniques.
The following sections give details of the system configuration of the J.A.
Woollam WVASE ellipsometer and the theory behind its operation. Equations for the
analysis of data are presented followed by the measured refractive index, extinction
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coefficient and calculated reflectivity spectra. Finally, there is a discussion of the
limitations of commercial ellipsometry equipment for the measurement of the optical

properties of bulk metals and superconductors.

3.3.2. System configuration and operation

Figure 3.4 is a schematic diagram of the J.A. Woollam variable angle
spectroscopic ellipsometry (WVASE) series ellipsometer. Unpolarised emission from a
xenon lamp is monochromated before passing through a calcite or quartz crystal polariser
which linearly polarisers the light at an angle, P, relative to the plane of incidence of the
sample. The linearly polarised light is focussed on the surface of the sample where it is
elliptically polarised upon reflection from the surface.

The sample is mounted to the sample stage of the ellipsometer using a small

vacuum located behind the sample. Initial alignment of the sample on the ellipsometer is

A
< %> Xenon lamp Combuter
ZCV:Z Monochromator Detector » 2O0mpP

Polariser

Figure 3.4 Typical system configuration of a rotating analyser ellipsometer. Light from the
xenon lamp is monochromated and linearly polarised before reflecting off the surface of the
sample which is at an angle of incidence, P. The reflected light passes through a rotating
analyser before entering the detector. Measurements are made as a function of wavelength

and angle of incidence on the sample. Adapted from reference [146]
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carried out in two positions. Firstly, the sample stage is rotated and the plane of the
sample surface aligned perpendicular to the incoming linearly polarised light. The sample
is then rotated to an angle of 60° relative to the incoming light and the lateral position of
the sample adjusted to maximise the intensity of light reflected from the sample surface
falling on the detector located at 120° relative to the light source.

After reflection from the sample surface the elliptically polarised light passes
through a second polariser (analyser) which continuously rotates at a fixed frequency
between 10 — 60 Hz. The light enters the solid state detector as a sinusoidally oscillating
intensity, Ip, and is logged and analysed by a computer.

Detector intensity measured as a function of time, Ip, is proportional to the

magnitude of the electric field, Ep, squared [146]
2
I, «|E,|. (3.4)

The magnitude of the electric field can be expressed as a combination of Jones matrices

so that

E, =[analyser.matrix][sample.matrix][ Polariser.matrix ][ Input.beam] . (3.5)

Expansion and normalisation of the matrices leads to an equation for /p in terms of

measurable quantities

~ 2 ~
R
Il —tan’* P 2Re| £ [tan P
RY RY .
I, oci—5 cos(2A4) +——— sin(2A4) (3.6)
R R
I +tan’ P ~2| +tan’ P
RS RS

where, A is the analyser azimuthal angle and p is the complex ellipsometric parameter as

defined in equations (3.2) and (3.3). Substituting into equation (3.6) gives an expression

for Ip as a function of ¥, A, 4 and P
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tan’ ¥ —tan’ P 2tan ¥ cos A tan P
I, cl+— —C0s(24) + 5 5
tan” ¥ +tan” P tan“ ¥ +tan”~ P

sin(24), (3.7)

which can be rewritten as a Fourier series in twice the analyser angle
I, cl+acos(24)+ fsin(24), (3.8)
where o and S are the normalised Fourier coefficients. The analyser angle can be
expressed as a function of time as
A(t) =2xf,t, (3.9)
where fj is the frequency of rotation. Therefore, o and f can be determined by performing
a Fourier transform on the experimentally measured detector intensity.

Finally, rearranging equations (3.7) and (3.8) leads to expressions for ¥ and A in

terms of a, ff and P [146]

tan¥ = T |tanP| (3.10)
l-a
S tan P
A= . 3.11
cos \/l — |tan P| (3.11)

3.3.3. Determination of optical constants and film thickness

A four stage process is used to calculate the optical constants, film thickness and
reflectivity using the data obtained for ¥ and A. Firstly, the refractive index, n, and

extinction coefficient, x, are calculated using the relationship [147]

, , sin’ Ptan® P(cos’ 2¥ —sin’ 2¥sin” A)

=it 4 : - , (3.12)
(1+sin2%¥cosA)
3 sin® Ptan” Psin4¥sin A (3.13)
2n(1+sin 2¥ cos A)’ '

To calculate film thickness a Cauchy fit is then performed to generate modelled
values for n and x using [146]
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n(A)=A+B/2+C/I1 +..., (3.14)

where 4 is the wavelength (in microns), and 4, B and C are fitting parameters. An
iterative process is carried out to fit the modelled data to the experimentally measured
data for n and «, leading to modified values for 4, B and C which are re-entered into

equation (3.14) and used to calculate film thickness

P ( A j (3.15)
\/nz—sinzP 360

where 0 is the change in phase of the beam of vacuum wavelength, 1. The measure of
how closely the generated data fits the experimental data is given in the software by the
mean squared error (MSE) value [148]. The value is calculated by the summation of the
squares of the differences between the modelled and experimental data points divided by
the standard deviation of the experimental data. The closer the MSE value is to unity, the
better the fit.

Finally, reflectivity, R, is calculated using [149]

3 (n—l)2 +ix°

(1) (16)

3.3.4. Optical constants of copper and gold

The following section presents data for the refractive index, extinction coefficient
and reflectivity spectra for copper and gold measured using the J.A. Woollam WVASE

series ellipsometer. The data are plotted along with values from the literature [150].
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Figure 3.5 Refractive index, n, as a function of wavelength for copper from the CRC

handbook (black line) and measured for 99.9999 % purity copper before polishing (red

line) and 94 days after polishing (green line) using the J. A. Woollam ellipsometer [150].
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Figure 3.6 Comparison of the extinction coefficient, », as a function of wavelength for

copper from the CRC handbook (black line) and measured for 99.9999 % purity copper

before polishing (red line) and 94 days after polishing (green line) using the J. A. Woollam

ellipsometer [150].
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Figure 3.7 Reflectivity as a function of wavelength for copper calculated using the data for
the refractive index, #, and extinction coefficient, ¥ from the CRC handbook (black line)
and measured for 99.9999 % purity copper before polishing (red line) and 94 days after
polishing (green line) using the J. A. Woollam ellipsometer [150]
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Figure 3.8 The refractive index, n, as a function of wavelength for gold measured using the

J. A. Woollam ellipsometer [150]. For comparison there are also data taken from the CRC

handbook. The sample was polished on the same day as the measurement.
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Figure 3.9 Comparison of the extinction coefficient, x, as a function of wavelength for gold

from the CRC handbook and measured using the J. A. Woollam ellipsometer [150]. The

sample was polished on the same day as the measurement.

Reflectivity

] — CRC handbook data ]
99.999 % purity gold

N W A~ 01 O N 00 © O
Ll 1 I A T
1

o
—
1
1

o
o

T T T T T T T T T T T

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3.10 Reflectivity calculated as a function of wavelength for gold using data for the

refractive index, n, and extinction coefficient, . Data for » and x were sourced from the

CRC handbook and from measurements using the J. A. Woollam ellipsometer [150]. The

sample was polished on the same day as the measurement.
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3.3.5. Optical constants of superconductors

Refractive index, extinction coefficient and reflectivity spectra are presented
below for the high temperature superconductors YBCO and DyBCO and the Chevrel
phase superconductors PbMogSgs and SnMogSg measured using the J.A. Woollam
WVASE series ellipsometer. Also shown are literature data for niobium. We could not
measure optical properties of the niobium sample probably because our samples had an

inhomogeneous sample surface.

YBCO
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Figure 3.11 Refractive index, n, and extinction coefficient, x, as a function of wavelength for

the YBCO single crystal measured using the J. A. Woollam ellipsometer.
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Figure 3.12 Reflectivity as a function of wavelength for the YBCO single crystal calculated
using data for the refractive index and extinction coefficient measured using the J. A.
Woollam ellipsometer.
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Figure 3.13 Refractive index, n, and extinction coefficient, x, as a function of wavelength for

the DyBCO single crystal measured using the J. A. Woollam ellipsometer.
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Figure 3.14 Reflectivity as a function of wavelength for the DyBCO single crystal calculated
using data for the refractive index and extinction coefficient measured using the J. A.
Woollam ellipsometer.
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Figure 3.15 Refractive index, n, and extinction coefficient, x, as a function of wavelength for
the Chevrel phase superconductor PbMo¢Ss measured using the J. A. Woollam

ellipsometer.
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Figure 3.16 Reflectivity as a function of wavelength for the Chevrel phase superconductor
PbMoSs calculated using data for the refractive index and extinction coefficient measured
using the J. A. Woollam ellipsometer.
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Figure 3.17 Refractive index, n, and extinction coefficient, x, as a function of wavelength for
the Chevrel phase superconductor SnMosSs; measured using the J. A. Woollam

ellipsometer.
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Figure 3.18 Reflectivity as a function of wavelength for the Chevrel phase superconductor
SnMo¢S; calculated using data for the refractive index and extinction coefficient measured
using the J. A. Woollam ellipsometer.
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Figure 3.19 Refractive index, n, and extinction coefficient, x, as a function of wavelength for

niobium from the CRC handbook [150].
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Figure 3.20 Reflectivity as a function of wavelength for niobium from the CRC handbook

[150].

3.3.6. Discussion of ellipsometry measurements and analysis

Accurate calculation of refractive index, extinction coefficient and layer thickness
using ellipsometry requires careful modelling based on assumptions about the sample
composition and layering. If the assumptions are inaccurate then the model used to
determine the optical constants will calculate incorrect values for the refractive index and
extinction coefficient. Common inaccuracies in modelling involve of a lack of inclusion
of oxide layers, unknown surface coatings, patterned sample surfaces and the anisotropy
of the sample [146].

A high intensity of reflected light at the detector is required for accurate
measurement of the optical properties of the sample. Reflectivity from the sample surface
in the visible region must be high enough to give an acceptable signal to noise ratio with

a surface roughness recommended by the manufacturer to be less than 10 % of the
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wavelength of the incident light. The copper, gold, niobium and DyBCO samples were
polished using a 1 um grade diamond paste. Although the samples had a visible mirror
finish, the roughness was an order of magnitude greater than the recommended value,
leading to increased scattering from the sample surface. The polycrystalline Chevrel
phase samples and the single crystal YBCO sample were too delicate to be polished and
had their surfaces cleaned using 1200 grade abrasive paper giving a surface roughness
two orders of magnitude above the recommended limit. The doped Chevrel phase
samples Pb; GdxMosSs x = 0.3 and Sn;<EuxMo¢Sg x = 0.35 had absorption coefficients
greater than 90 % in the visible region, reducing the intensity of reflected light below the
measurable limit of the detector. Reflectivity data in the literature for Chevrel phase
compounds and YBCO have comparable values to our measurements of between 10 — 30
% in the visible region [113] [99].

A comparison of the data in the literature and the measured optical constants for
copper showed a small difference which suggested the presence of an oxide layer on the
sample surface. Modelling of the ellipsometry data for the polished 99.9999 % purity
copper sample was carried out for three conditions 1) an infinitely thick layer of copper
with no oxide layer, 2) the addition of a thin CuO layer and 3) a thin Cu,O layer. The
lowest mean squared error (MSE) was produced for an 8.4 nm thick CuO layer above the
infinitely thick copper layer giving an MSE of 14.07. This was compared to an MSE of
81.85 for the model of the single infinitely thick copper layer. Performing the same fit on
the 99.999 % purity gold ellipsometry data gave an MSE of 14.98 for a single infinitely
thick layer of gold with no oxide layer. This is consistent with data in the literature which

reports that no oxide layer is formed on gold [83, 84].
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3.4. Quantum Design physical properties measurement system

(PPMS)

3.4.1. Introduction

The Quantum Design physical properties measurement system (PPMS) is a
variable temperature (1.8 — 350 K), variable magnetic field (0 — 9 T) environment for the
measurement of electrical, magnetic and thermal properties of samples. The system
contains multiple, interchangeable measurement modes including; resistivity, AC
transport, heat capacity, AC susceptibility, torque magnetometry, and vibrating sample
magnetometry.

The following section gives details of the resistivity, heat capacity and magnetic
moment measurement modes of the PPMS for the measurement of the superconducting
samples. The methods used to determine the superconducting transition temperature, 7¢,

from the data are explained and the measured transition temperatures presented.

3.4.2. General overview

Figure 3.21 is a schematic diagram of the Quantum Design PPMS. The left figure
shows the magnet assembly with the variable temperature insert (VTI) mounted
vertically through its centre. The right figure shows a cross section through the magnet
and sample space. The location of the thermometers, heaters and sample stage (puck) are
labelled. Pucks of specific designs are inserted into the base of the variable temperature
insert for resistivity, AC transport and heat capacity measurements. Pins at the base of

the sample space contact with the base of the puck to give a robust electrical connection.
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Figure 3.21 Cross-sectional schematic diagram of the Quantum Design Physical Properties
Measurement System (PPMS) probe. The left hand diagram shows the magnet assembly
with the variable temperature sample space located vertically through its centre. The right
hand diagram is a cross section through the magnet and sample space showing the location

of thermometers, heaters and sample puck. The figure is reproduced from the Quantum

Design PPMS manual [151].

A thermometer and heater are positioned at the base of the chamber, close to the puck for

accurate temperature monitoring and control.

3.4.3. Measurement options

Resistivity
Resistivity measurements were made using the four point geometry shown in the
inset diagram in Figure 3.22. A current was applied to the outer two contacts and voltage

measured across the inner contacts. Electrical connections were made using solder to
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connect to the puck and conductive silver paint or two part conductive epoxy on the
sample to minimise contact resistances.

Samples with extremely low resistivities (e.g. copper) were measured using a
custom resistivity probe which was inserted into the variable temperature bore of the
PPMS. The precision of the probe was 60 nQ) which was achieved through a series of
improvements to the probe including; the use of single lengths of wire for the current and
voltage leads which were twisted together in pairs to reduce thermal voltages, polarity
switching of the stable current source with concurrent voltage measurements and
amplification of the voltage signal through a nanovolt amplifier.

The ideal sample geometry for a resistivity measurement is a semi-infinite plane
in the lateral dimension with the gap between the voltage contacts equal to or greater than
the thickness of the sample. This minimises the effect of a voltage drop across the width
or thickness of the sample. Since the photoluminescence measurements required the
largest sample size possible, a compromise was made with the samples having lengths
approximately twice their width and thicknesses of between 0.1 — 1.5 mm thickness.

Resistivity, p, was calculated using

14
R=—, 3.17
7 (3.17)

RA
=== 3.18
P== (3.18)

where R is the resistance of the sample, ' is the measured voltage, / is the applied
current, 4 is the cross sectional area and L, the distance between the voltage contacts
measured using a vernier micrometer.

The superconducting transition temperature, 7¢, is commonly identified by four
values; T¢ (onset), Tc (90%), Tc (50 %) and T¢ (10%). Figure 3.22 shows how the four

values are determined. Figure 3.23 shows the resistivity data for the Chevrel Phase
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Figure 3.22 Determination of the superconducting critical temperature (7¢) from resistivity

measured as a function of temperature. The graph shows the method of determining the

commonly stated values of Tc(onset), 7c(90%), Tc(50%) and Tc(10%). The inset figure

shows the geometry of the current (/) and voltage (V) contacts on the sample.
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Figure 3.23 Measurement of resistivity as a function of temperature for Pb,.,Gd,MoSs x =
0.3, Sn;Eu,Mo0¢Ss x = 0.35, SnMosSs, PbMosSs. Data were collected using the resistivity
mode of the Quantum Design physical properties measurement system (PPMS). Data were

collected as a function of temperature in zero field.
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superconductors PbMogSsg, Pb.xGdxMogSs x = 0.3, SnMo0Sg and Sn; xEuxMoeSg x = 0.35
at zero applied external magnetic field. A summary of the transition temperatures are

given in Table 3.2.

Heat capacity
Heat capacity, C,, is defined as the increase in temperature, 7, of a sample under

the application of a known quantity of heat, O, at a constant pressure, P,

_(92
C, _(ﬂl. (3.19)

A schematic diagram of the heat capacity stage in the PPMS is shown in Figure
3.24. The sample platform is suspended on eight gold wires which are connected to the
sample holder (puck) frame acting as a thermal bath for the sample. The sample is in

close thermal contact with the platform through a thin layer of Apiezon N grease. To

Sample
Connecting wires N grease

Puck frame —» <Pyck frame

Thermometer Heater
Platform

Figure 3.24 Schematic diagram of the sample stage (puck) for the measurement of heat
capacity in the Quantum Design physical properties measurement system (PPMS). The
sample is mounted on a suspended platform using Apiezon N grease. The grease ensures
excellent thermal contact between the sample and platform. The platform is connected to
the measurement puck (thermal bath) by 8 thin gold wires. The puck and sample sit in a
high vacuum with the heater and thermometer mounted to the underside of the sample

platform. Diagram adapted from reference [152].
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ensure that no external heat sources influence the measurement, the puck and sample are
surrounded by a high vacuum of between 10~ to 10” mbar generated by the standard
system vacuum pump and a charcoal sorption pump [153].

Heat capacity is measured by the application of a small pulse of heat from the
heater on the underside of the sample platform. The time for the temperature to return to
thermal equilibrium with the bath is measured by a thermometer also located on the
underside of the platform. For variable temperature measurements the temperature of the
thermal bath is swept slowly across the desired measurement range, in this case from 300
K to approximately 10 K below 7¢. An addenda measurement of the puck with Apiezon
N grease is run without the sample before the main sample measurement. The addenda
data is subtracted from the measurement with the sample giving accurate heat capacity
data for the sample.

At the superconducting transition temperature, heat capacity as a function of
temperature deviates from its normal state trend. Determination of the superconducting
critical temperature is carried out by fitting the heat capacity data above and below the

superconducting transition using a modified version of [154]
%=a+bT+cT2+dT4+eT6, (3.20)

where a, b, ¢, d and e are constants. The fits are extrapolated across the transition and the
difference between the fit and measured data are calculated (Figure 3.25a). The
difference between the fits and the data are integrated with respect to temperature (to find
the change in entropy, AS) using [154]

S=I%T, (3.21)

before being plotted against one another. The superconducting transition (7 (50%)) is

taken to be the point where the two plots cross (Figure 3.25b).

93



a) 1.2 T T T T T T T T T T
—=— Data
114 Extrapolation above T
Extrapolation below T
‘TO')
¢ 1.0
3
E
|_
o 0.94
0.8
0.7 T T T T T T T T T T T
11 12 13 14 15 16 17
Temperature (K)
b)
0.06
0.100 T T T .
—=— Extrapolated from above T_ 004
—=— Extrapolated from below T_ §
£
0.075 § 0.02 N
i 0.00 : : :
‘TD’ u 135 Te%‘[‘:grature (K‘l)‘t'5 150
X 0.050+ \.
2 N\,
4 N /
AN .
0.025 - " a e
/= [ ]
. - ~a
e g T, \-\.\
0.000 e T U T . T o n
135 14.0 14.5 15.0

Temperature (K)

Figure 3.25 Method for the determination of the superconducting critical temperature (7¢)
from heat capacity (C,) measurements of the Chevrel phase superconductor PbMo4Ss. Two
fits are made to the measured C,/T data above and below 7¢. Part a) shows how the fits are
extrapolated across the transition. The inset graph in part b) demonstrates the calculated
difference between the fits and measured data. The differences are then integrated to find
the change in entropy (AS) across the transition (part b main graph). The mid point of the
superconducting transition is at the point at which the two curves for the change in entropy

cross [154].

94



Figure 3.26, Figure 3.27 and Figure 3.28 show the measured heat capacity curves
for the Chevrel phase superconductors PbMo¢Ss, Pb;xGdxMoeSg x = 0.3 and the high
temperature superconductor YBCO respectively. The values for 7¢ obtained for these

samples are given in Table 3.2.
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Figure 3.26 Heat capacity, C,, of PbMo4Ss measured as a function of temperature using the
heat capacity mode of the Quantum Design physical properties measurement system

(PPMS). Data are collected as a function of temperature in zero field.
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Figure 3.27 Heat capacity, C,, of Pb,GdMoSs x = 0.3 measured as a function of
temperature using the heat capacity mode of the Quantum Design physical properties

measurement system (PPMS). Data are collected as a function of temperature in zero field.
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Figure 3.28 Heat capacity, C,, measured as a function of temperature of the YBCO single
crystal across the superconducting transition using the heat capacity mode of the Quantum
Design physical properties measurement system (PPMS). Data are collected as a function of

temperature in zero field.
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AC susceptibility

Figure 3.29 is a schematic diagram of the AC susceptibility insert for
measurement of magnetic moment in the Quantum Design PPMS. Drive and detection
coils surround the sample which is mounted inside a gelatine capsule in a plastic straw.

The AC drive coils induce an opposing magnetic field in the sample according to Lenz’s

Detection coil
AC drive coll

e Sample in mounting straw
Non-magnetic thermometer

Sample space

Detection coil

/AC drive compensation coil

Figure 3.29 Schematic diagram of the coil arrangement for the measurement of magnetic
moment in the Quantum Design physical properties measurement system (PPMS). The
sample is surrounded by a series of coils within the variable temperature sample space. The
AC drive coils induce a magnetic field within the sample due to Lenz’ law. The detection
coils measure the amplitude of the induced field, which is the sample’s magnetic moment.
The sample is mounted inside a plastic straw and gelatine capsule and located centrally
between the two detection coils. The sample space is located within the main 9 T magnet
coils which are shielded from the AC drive coils by an AC drive compensation coil.
Temperature is measured using a field independent thermometer. Diagram adapted from

reference [155].
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Law. In the superconducting state currents are set up in the surface of the sample which
expel magnetic flux within the sample. The currents induce a magnetic field in the
detection coils with amplitude directly equivalent to the magnetic moment of the sample.

For measurements in an external magnetic field, the main superconducting
magnet coil is shielded from the AC drive coils by an AC drive compensation coil. The
temperature inside the variable temperature insert is measured using a field independent
thermometer to ensure accurate measurement of temperature in high external magnetic
fields.

Figure 3.30 demonstrates the method for determining the four most commonly
stated values of 7¢ in a susceptibility measurement. Figure 3.31 shows the susceptibility
for the Chevrel phase superconductors PbMogSg, Pb;xGdxMo¢Sg x = 0.3, SnMosSs and
Sn; \EuxMoeSg x = 0.35 and Figure 3.32 shows the data for the high temperature single
crystal superconductors YBCO and DyBCO. A summary of the transition temperatures

found are shown in Table 3.2.

Summary of superconducting transition temperatures

Table 3.2 summarises the superconducting transition temperatures at 7¢ (10%),
Tc (50%) and T¢ (90%) for the single crystal elementary superconductor Nb, the
polycrystalline Chevrel phase superconductors PbMogSs, Pb;xGdiMoeSs x = 0.3,
SnMo¢Sg and Sn;EuMogSg x = 0.35 and the high temperature single crystal
superconductors YBCO and DyBCO measured using the resistivity, heat capacity and

magnetic moment modes of the Quantum Design PPMS.
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Figure 3.30 Determination of the superconducting critical temperature (7¢) from
measurements of magnetic moment as a function of temperature. The graph shows the
method of determining the commonly stated values of 7Tc(onset), 7¢(90%), Tc(50%) and

Tc(10%).
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Figure 3.31 Normalised magnetic moment as a function of temperature of the Chevrel
phase superconductors Pb,,GdMosSs x = 0.3, Sn;EuMosSs x = 0.35, SnMosSs and
PbMosSs. Samples were measured using the AC susceptibility (ACMS) mode of a Quantum
Design physical properties measurement system (PPMS). Data are normalised and were

collected as a function of temperature in zero external field.
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Figure 3.32 Normalised magnetic moment as a function of temperature of YBCO and

DyBCO single crystal samples. Samples were measured using the AC susceptibility (ACMS)

mode of the Quantum Design physical properties measurement system (PPMS). Data were

collected as a function of temperature in zero external field.

Heat
Sample Resistivity Magnetic Moment
Capacity

10% 50% 90% | S0% | 10% S0% 90%

Nb 81K 86K 88K - - -

YBCO - - - 89.5K |88.6 K 89.7K 90.3K
DyBCO - - - - 748K 79.1K 826K
PbMogSs 142K 145K 148K | 143K |13.0K 135K 13.6 K

Pb;.x«GdxMosSg x=0.3 75K 79K 84K [ 549K | 54K 603K 65K
SnMoeSs 127K 128K 13.0K - 119K 122K 124K

SniEuMoeSsx=0.35 [ 92K 9.6K 100K - 70K 80K 8.6K

Table 3.2 Summary of superconducting transition temperatures, 7c, measured by
resistivity, heat capacity and AC susceptibility techniques. Temperatures are stated for 7

(10%), the midpoint of the transition, 7c(50%) and 7¢(90%).
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The critical temperatures measured using the three techniques are within 2 K for
all samples. The differences result predominantly from inhomogeneities in the sample.
Heat capacity and magnetic moment techniques measure the bulk properties of the
superconductor. Resistivity measures a percolative path through the superconductor

which results in a higher critical temperature being observed using this technique.

3.5. Conclusions

This chapter has given details of the operation of three pieces of commercial
hardware for the measurement of optical, electrical and magnetic properties of metals and
superconductors. The advantages and disadvantages of the Jobin Yvon Flurolog 3-22
spectrofluorometer and J.W. WVASE series ellipsometer have been discussed and the
reliability of data examined.

The Jobin Yvon Fluorolog 3-22 spectrofluorometer was found not to be suitable
for the measurement of photoluminescence from samples with low intensity
photoluminescence emission due to its low excitation power and large background.

Optical constants for gold and copper, the high temperature superconductors
YBCO and DyBCO and the Chevrel phase superconductors PbMosSg and SnMo¢Sg were
measured using the J.A. Woollam WVASE series ellipsometer. The limitations of the
technique for the measurement of rough, bulk samples with low reflectivities and
unknown surface structure have been discussed.

Finally, the critical temperatures of a range of superconducting samples have
been measured and confirmed using the resistivity, heat capacity and AC susceptibility
modes of the Quantum Design PPMS — prior to the detailed optical measurements that

are the basis of this thesis.
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Chapter 4. Design of an instrument for measuring
low intensity, variable temperature

photoluminescence emission

4.1. Introduction

Chapter 3 discussed the failure of commercial spectroscopy equipment to
measure the photoluminescence emission spectra of metals and superconductors. Their
limitation was the requirement for higher excitation powers and carefully selected optical
components to measure the weak emission spectra. This chapter discusses the design,
commissioning and calibration of an instrument capable of measuring low intensity
photoluminescence emission spectra as a function of temperature.

The following sections consider the experimental set-up, excitation source,
components and detector selection for low intensity emission spectra, where sample
luminescence intensity must be maximised without producing significant luminescence
from sources other than the sample. The cryogenic hardware and optimisation of sample
cooling and thermometry is examined and considerations for sample holder designs are
discussed in terms of thermal and optical requirements. Detailed analysis and
measurement of the sample temperature and the effect of laser heating are presented.
External hardware and software is summarised before different techniques for mounting
the sample are investigated for their thermal and optical benefits. Finally, calibration tests

and measurements are carried out to enable measurement accuracy to be determined.
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4.2. Optical hardware

4.2.1. Experimental Setup

Figure 4.1 is a schematic representation of the experimental set-up for the
variable temperature photoluminescence instrument. Optical excitation of the sample was
carried out using an argon ion (Ar") laser capable of lasing at 488 nm and 514 nm. Using
the 488 nm wavelength, excitation powers of up to 120 mW were achievable at the
sample. The laser was focussed onto the sample using a series of mirrors and a fused
silica lens (L; in Figure 4.1). Light was incident on the samples at approximately 30
degrees to the normal. The sample was attached to a custom designed copper sample
holder inside a pulse tube refrigerator cryostat for variable temperature measurements.

Photoluminescence (PL) emission was collected by optics aligned along an axis
perpendicular to the sample surface. This configuration reduced the intensity of
elastically scattered light entering the collection optics. A microscope objective (labelled
Ob in Figure 4.1) positioned directly outside the cryostat collected and collimated PL
emission. Once collimated, the emission passed through a dichroic filter (F; in Figure
4.1), removing any remaining elastically scattered laser light. The collimated PL
emission was subsequently focussed on to the spectrometer and silicon photodiode array
detector (Figure 4.1).

Prior to measuring photoluminescence emission spectra, a mirror (M, in Figure
4.1) was inserted between the focussing lens and spectrometer. The mirror reflected the
sample image onto a CCD camera which was used to reposition the sample to correct for

thermal contraction during variable temperature measurements.
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Figure 4.1 Schematic diagram of the instrument for measuring low intensity
photoluminescence emission. Light from the argon ion laser (Ar") passes through a beam
splitter where part of the beam is diverted on to the germanium detector (Ge detector). The
light then passes through a fused silica lens (L;) and is focussed through the cryostat
window on to the sample. Emission from the sample is collected by the microscope objective
(Ob) and collimated. The emission then passes through a dichroic filter (F,) and is focussed
on to the slits of the spectrometer by a second fused silica lens (L,) where it is
monochromated by the spectrometer and measured by the silicon photodiode CCD array.
For alignment of the sample during variable temperature measurements, a mirror (M,) is

placed between lens L, and the spectrometer slits to image the sample using a CCD camera.

Data were collected using National Instruments LabVIEW software on a PC. The
original software was written by a previous student (Martin Archbald) but was
significantly modified for the purposes of this work. Figure 4.2 shows the component
parts of the photoluminescence experimental setup broken down into the areas which will

be discussed below.
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Figure 4.2 Component parts of the instrument for measuring low intensity, variable

temperature photoluminescence emission.

4.2.2. Excitation source

Excitation source selection

Three key specifications were required from the excitation source: The excitation
energy of the source had to be greater than the interband transition energy; The power of
the source had to be sufficient to produce luminescence of an intensity great enough to be
detectable but not so high as to damage the sample; Finally, the shape of the light emitted
from the source had to be capable of being focussed on to the sample.

We considered excitation sources at UV wavelengths for samples with larger
interband transition energies. UV LED’s from UltraLED.co.uk with peak emission at 410
nm were tested. However, the emission from the LED’s was diffuse and the intensity was
too low to excite observable emission intensities. A xenon lamp was also investigated but
the power found to be too low for observable sample photoluminescence emission
intensities. A third choice considered was a UV laser emitting at 405 nm with 30 mW
power at the diode. However, the only effective method found for eliminating elastically

scattered laser light in the emission spectrum was using a double monochromator which
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reduced the intensity of the samples’ photoluminescence emission to below the resolution
of the detector.

A Coherent Innova 90 argon ion (Art+) laser was eventually chosen as the
excitation source as it satisfied all requirements. Up to 120 mW of power was obtainable
from the laser at either 488 nm or 514 nm. The laser was retuned between each batch of

measurements to maintain optimum power output.

Optimisation of laser power, stability and wavelength

The stability of the power of the Ar” laser was strongly dependent upon the
temperature of the laboratory and the duration of operation. Laser power varied on two
time scales. The first was a gradual change over a period of hours, which was shown to
be strongly dependent upon room temperature. The second was over a period of minutes
or seconds and was dependent upon the tuning and duration of operation of the laser.

Variation in laser power due to changes in room temperature was almost
completely removed by setting the central heating and air conditioning in the laboratory
to constant. Short time period fluctuations were reduced, but not removed, by regular
tuning of the laser and operation of the laser in light regulating mode rather than current
regulating mode. To correct for any remaining fluctuations, laser power was continuously
monitored using a germanium photodiode detector (Ge detector in Figure 4.1). The
voltage output from the Ge detector was calibrated for laser power on each day of
measurements by manually increasing laser power and measuring power using a Melles
Griot Handheld Power Meter located between the fused silica lens (L; in Figure 4.1) and
cryostat window. All variable temperature photoluminescence data in this thesis have

. . . -1 -1
been corrected for changes in laser power and are presented in units of counts s~ W™,
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4.2.3. Optical Components

High intensity laser light passing through the optical components inevitably
produces luminescence. This emission can be of high enough intensity to mask or be
confused with the sample photoluminescence emission. The optical components in the
instrument discussed below were chosen to minimise photoluminescence of the

components themselves, particularly those directly in the path of the collection optics.

Pre-excitation optical components

The excitation laser beam was focussed to a tight spot on the sample using a 25
mm focal length fused silica lens (labelled L; in Figure 4.1). A beam splitter positioned
before L, redirected a fraction of the laser beam on to a germanium detector (c.f. Figure
4.1). Laser power was continuously monitored using the voltage output of the germanium

photodiode detector.

Post excitation collection optics

Photoluminescence emission was collected along the normal axis of the sample
surface. This geometry maximised rejection of the scattered laser line in the collected
photoluminescence emission. The post excitation optical pathway was enclosed to reduce
the influence of external light sources on the photoluminescence emission spectrum.

Photoluminescence emission from the samples was collected using an Olympus
UPLSAPO 4 x microscope objective of numerical aperture 0.16 and a working distance
of 13 mm. The objective was selected for the low fluorescence of its component
materials [156], however, the optics still luminesced if laser light directly reflected from
the cryostat window entered the objective. A working distance large enough to locate the
objective lens beyond the region of reflected light was required, but was not
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commercially available. Therefore, the collection optics were moved back from the
cryostat window by a few millimetres, away from the optimum working distance of the
objective, when measuring photoluminescence emission spectra. To confirm that this did
not affect the measured photoluminescence emission spectra, the sample spectrum was
measured at the optimum working distance of the microscope objective without the
cryostat window in place, with the objective moved away from the sample without the
cryostat window, and with the window in place. All spectra were found to be identical
other than a slight decrease in photoluminescence emission intensity at the defocused

position and with the cryostat window in place.

Dichroic filter

Because the samples were not perfectly smooth, the intensity of the elastically
scatted laser light passing through the collection optics was high, and many thousands of
times stronger than the photoluminescence emission intensity of the samples. Therefore,
the laser light was of high enough intensity to saturate the detector. To solve this
problem, a filter (F; in Figure 4.1) was placed in the post excitation optical pathway to
remove the remaining laser light.

In preliminary work, low-pass coloured glass filters were used to remove the
scattered laser light. These filters absorb incident light at wavelengths shorter than their
cut off energy. However, due to the almost perfect absorption at the laser excitation
wavelength, these filters display high luminescence intensities which completely
obscured the sample photoluminescence signal. Therefore, to minimise external
luminescence sources, a reflecting rather than absorbing filter was selected.

A Semrock RazorEdge® Long Wave Pass Raman dichroic filter was chosen to

reject the laser light as it has a sharp cut off wavelength (Figure 4.3). The filter is

108



10 g T g T g T g T g T ]
0.8 1.00 . . . . . ]
c
S 0.6 c _
a 2 0981
2 5
S 0.4- & §
= 0.96-
0.2 1 . . . , ; .
400 500 600 700 800 900 1000
Wavelength (nm)
0.0 T T T T T T T T T T —
500 600 700 800 900

Wavelength (nm)

Figure 4.3 Transmission spectrum of the Semrock RazorEdge® Long Wave Pass Raman

dichroic filter. Transmission spectrum data quoted from the manufacturer’s website. [157]

composed of a series of thin film layers deposited by ion beam sputtering onto a fused
silica substrate [158, 159]. The disadvantage of such a filter is that the maximum angle of
incidence for light rejection is 5°, which in some cases was less than the angular
distribution of scattered light from the sample surface. The only method of reducing this
effect was to place the filter directly after the collimating objective. However, this

increased the potential for luminescence from the objective lens.

Focussing optics

Photoluminescence emission was focussed onto the spectrometer slits using a UV
grade fused silica lens (Labelled L, in Figure 4.1). The f number of the lens was matched
to the spectrometer dimensions to ensure complete filling of the spectrometer grating

(aperture ratio f/4.1) [160].
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4.2.4. Emission measurement

Spectrometer

After collection and collimation of the photoluminescence emission, the light was
focussed onto the entrance slits of the Bentham TM300V multiple grating
monochromating spectrometer (labelled spectrometer in Figure 4.1). The grating within
the spectrometer dispersed the spectrum of the photoluminescence emission across the
width of the 25 mm silicon photodiode CCD array (labelled silicon photodiode CCD
array in Figure 4.1) which was mounted to the exit slits of the spectrometer.

Three array gratings were available within the spectrometer with 150, 400 or
1200 lines per inch. The greater the number of lines per inch, the smaller the spectral
range dispersed across the 25 mm CCD array. The 150 line grating was used in
preference to the 400 and 1200 line gratings as a single photoluminescence emission
spectrum could be measured which covered the full wavelength range of interest. The
wavelength response of the grating was taken into account in the correction factors
during the analysis of the data.

The separation between the slits at the entrance to the spectrometer (slit width)
affected the intensity of light collected (and hence signal to noise ratio) and resolution of
the peaks in the spectra. Wider slits gave better signal to noise ratio but poorer
wavelength resolution. The slit width of the spectrometer was kept constant at 1.50 mm
for all measurements.

A filter wheel at the entrance to the spectrometer rotated a shutter into the optical

pathway for background measurements of detector noise.
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Silicon diode CCD array

Photoluminescence spectra were measured using an EG&G PARC 1024 element
large aperture silicon photodiode CCD array with specified detection limits of 180 nm to
1100 nm. The manufacturer’s specification stated a typical efficiency of 1960 photons
per count at 550 nm. A maximum of 32 768 counts in any one reading was measurable
before saturation of the detector. A dark count of 100 counts per second was achieved
with the detector cooled to -20°C. Cooling was provided by a two-stage Peltier-effect
thermoelectric cooler which required a continuous flow of dry nitrogen and chilled water.
Increasing measurement time linearly increased count rate, however, the detector dark
noise also scaled linearly with detection time. A background scan of detector dark noise
was measured then subtracted from each PL spectrum. The non linear spectral response

of the detector was corrected for during analysis of the data.

Dark conditions

Due to the low photoluminescence emission intensities of metals and
superconductors, even minimal background light was prominent in the measured spectra.
Several important changes were made to the equipment to ensure dark conditions for the
measurement; an enclosure was constructed surrounding the collection optics and
entrance to the spectrometer, all measurements were run with the computer monitor and
room lights off and instrument dials and switches were positioned out of the line of sight

of the detector

Optimisation of photoluminescence emission intensity
Photoluminescence intensity was maximised at each temperature by removing the

dichroic filter and focusing the laser light scattered from the surface of the sample on to
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the slits of the spectrometer. The filter was then replaced and the horizontal and vertical
alignment of the collection optics adjusted to maximise the intensity of the measured

photoluminescence emission.

4.3. The Cryomech Cryostat

4.3.1. Cryostat design and improvements

Hardware

Measurements of PL emission spectra as a function of temperature were
conducted using a cryogen free Cryomech ST405 pulse tube refrigerator (Figure 4.4).
The cryostat provides approximately 0.3 W of cooling power at a base temperature of 3
K. Optical access to the sample space is via a 50 mm diameter, 3mm thick, Spectrosil
2000 fused quartz window. The sample chamber of the cryostat is under vacuum so that
the cryostat walls remain at room temperature throughout the experiment with the sample
holder thermally shielded from room temperature radiation using multiple layers of

superinsulation and an aluminium radiation shield.

Vacuum system

A rotary pump and diffusion pump were connected to the cryostat and were
capable of reaching a base pressure of 2 x 10™* mbar when connected to the sample space.
Extensive tests were carried out to ensure that there were no leaks within the vacuum
system and o-ring seals and valves were maintained on a regular basis to ensure that
perishing of rubber components did not degrade the vacuum. It is essential to have a

good vacuum or three problems arise: an increase in sample base temperature due to the
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thermal link between the walls and the sample holder increasing the heat load on the
cryocooler; the layers of superinsulation are not thermally insulated from one another at
pressures higher than 6 x 10™ mbar [161] and the possibility of condensation of gases
onto the surface of the sample at low temperatures. We note that it was important to
ensure that sufficient time was given for the spaces between the superinsulation layers to

be evacuated and all of the layers to reach thermal equilibrium whilst cooling samples.

1%t stag

Silicon diode 1% stage radiation shield
thermometer

(1% stage)

Silicon diode
thermometer

(2" stage)
2nd gt
Slage Thermally anchored wire
- 2nd stage radiation shield
Sample holder . .
- Lo Superinsulation
/ I i (8 layers)
Window =~ A 4
Superinsulation
Hole through (20 layers)
superinsulation

Vacuum Cryostat outer wall

Figure 4.4. Schematic diagram of the components within the Cryomech cryostat and sample
holder. The diagram shows the sample holder in vacuum surrounded by superinsulation
and a radiation shield. Wiring for thermometry and resistance measurements is thermally

anchored into a groove in the sample holder filled with GE varnish.
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Radiation shielding improvements

Two cold stages are present within the cryostat (Figure 4.4). The 1% stage
typically operates at temperatures between 65 K and 35 K and the 2™ stage between 300
K and 3 K. A two section polished aluminium radiation shield is attached to the 1% stage.
The first section covers the area between the 1* and 2™ stage cold head and the second
section surrounds the sample space area at the base of the cryostat.

We added additional shielding by inserting layers of single sided aluminiumised
Mylar superinsulation. Twenty layers of superinsulation were added between the outer
wall of the cryostat and the outside of the radiation shield with an additional 8§ layers
between the sample holder and radiation shield. A hole was produced between the
sample holder, radiation shield and outer superinsulation so that the arm of the sample
holder protruded through the radiation shield (Figure 4.4). The superinsulation was
wrapped loosely and crinkled to minimise surface contact between layers, reducing
thermal conduction between layers. The maximum recommended density of
superinsulation layers was 30 layers per centimetre [162]. We found an increase in base

temperature of 5 K when the superinsulation was wrapped too tightly.

Vibration of the cryostat

Motion of the sample from vibrations created by the pulse tube refrigerator was
observable through the alignment CCD camera. Although, the pulse tube produces the
lowest mechanical vibration of all cryogen-free cooling techniques, movement of the
sample in a circular motion of approximately 100 pum diameter was observable.
Vibrations from the pulse tube did not significantly affect the accuracy of the
measurements since the distance moved during the vibration was less than the diameter

of the laser spot on the sample.
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Thermal anchoring of thermometers and wiring

The silicon diode thermometers were thermally anchored to the 1% and 2™ stage
cold heads using a small bobbin of thermometer wire wrapped and epoxied around the
thermometer. A small layer of grease was placed between the thermometer bobbin and
the cryostat cold head and the bobbin screwed into place to ensure optimum contact.
Good practice was followed for thermally anchoring wiring. For example, wiring for the
sample temperature calibration resistivity measurements was thermally anchored using
GE varnish in a groove in the bulk of the copper sample holder. This method ensured that

the wiring was in thermal equilibrium with the local environment.

4.4. Sample holder design

4.4.1. Considerations for sample holder design

Standard commercial sample holders for cryogenic applications clamp the sample
between metal plates which are anodised or coated in a layer of paint. Preliminary
measurements found that photoluminescence emission from these materials was excited
by scattered laser light within the cryostat. The intensity of photoluminescence emission
from the holder, paints, plastics and adhesives was several orders of magnitude greater
than that of the metals and superconductors and masked the sample signal.

To prevent excitation and measurement of photoluminescence from the sample
holder, a shield was constructed from a silicon wafer to block scattered light from the
region around the sample. Silicon was chosen as the shield as it was readily available,
rigid, flat and luminesced at 1000 nm, which was outside of the wavelength measurement

range. Unless directly illuminated, the luminescence spectrum of silicon showed no
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signal at energies other than the band gap. Two samples holders were designed — one for
angular measurements at room temperature and one for cryogenic measurements which

are considered below in turn.

4.4.2. Room temperature sample holder for angular measurements

To determine the contribution of photoluminescence of optical components to the
sample photoluminescence emission spectrum, a rotating sample holder with degree
precision was constructed. The design consisted of an aluminium post with inset step
mounted to a rotatable optics holder with degree gradations. The sample was mounted to
a silicon wafer and attached to the step as shown in Figure 4.5. The sample was rotated
through ~ 30° in 1 degree increments until laser light was reflected from the sample
surface directly into the microscope objective. The change in the measured
photoluminescence emission spectrum was attributed to the luminescence of the optical

components.

Silicon wafer

Sample

N grease located
between sample
and silicon wafer

DETAIL A
SCALE4: 1

Figure 4.5. Room temperature sample holder designed for photoluminescence
measurements as a function of angular rotation. The sample is attached to the silicon wafer
using Apiezon N grease or double sided copper adhesive tape. The silicon wafer is then
attached to the aluminium rod using adhesive tape. The sample can be rotated with 1
degree precision using the markings on the base.
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4.4.3. Sample holder for cryogenic measurements

Thermal requirements

The standard design of cryostat sample holders positions the sample in the centre
of the cryostat. However, the low intensity photoluminescence emission from metals and
superconductors required the collection optics positioning within the working distance of
the microscope objective, 13 mm from the sample surface. This means that the sample is
located outside the radiation shield where it absorbs both the intense laser power and
room temperature radiation. Therefore, a new sample holder was necessarily designed

and commissioned for these measurements.

Thermal contact between the cold stage and the sample

Heat conduction across joints between the cold head, sample holder and sample is
a very significant factor in determining the base temperature of the sample. As is
standard good practice, Apiezon N grease or GE varnish were used to attach the samples
and thermometers to the sample holder, although their thermal conductivity is 10° times
lower than copper. In order to maximise the thermal contact between the sample and the
cold stage the number of joints was minimised, surface area of contact faces was
increased and the different components at joints were connected as well as possible.

The joint between the 2™ stage cold head and the sample holder was bolted
together to ensure tight contact between the copper plates. A thin layer of silicone grease
ensured that any small imperfections in the smoothness of the surface would not
significantly affect contact area.

The thermal conductance of the sample holder was maximised by minimising the
number of joints between the 2nd stage cold head and the sample, maximising the bulk of
the sample holder and matching the contact area between the sample holder and the cold
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head. Copper was chosen as the sample holder material for its excellent thermal
conductivity. The maximum weight of the sample holder could not exceed 2.26 kg (as
specified by the manufacturer [161]) before damage occurred to the pulse tube. A
protrusion of copper through the silicon shield directly contacted the sample with the
sample holder (Figure 4.6). This design reduced the number of joints to two, one between
the cold head and top of the sample holder and one between the sample and sample
holder. A thin layer of grease was applied at each joint to optimise thermal contact.

Table 4.1 and Figure 4.7 detail the improvements to the base temperature of the
sample holder using the different designs of sample holder. Temperature was measured

using a platinum resistance thermometer attached in the position of a sample.

Groove to thermally
Sample holder J C anchor wiring
(single piece of
copper) = fn\ v\

Indent for N
thermometer ~— | Radiation shield
Protrusion for : . —8 layf?rs Olf .
mounting superinsulation
sample with — |
silicon shield ™20 layers of
behind superinsulation
-~

. [~~~ Aluminium walls

Cryostat window | | of cryostat

Figure 4.6. Final design of the sample holder for measurement of photoluminescence as a
function of temperature. The drawing shows the position of the sample holder relative to
the cryostat window and walls inside the Cryomech cryostat. The radiation shield and

superinsulation are also shown on the diagram.
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A) Rectangular sample holder B) Multipart sample holder

Movable arm

Superinsulation Radiation shield Superinsulation

Figure 4.7. Schematic diagram of sample holder designs. A) Rectangular sample holder, B)
Multipart sample holder. Also shown on the diagram is the location of the superinsulation

and radiation shield.

Thermal contraction and repositioning of the sample

Thermal contraction of the copper sample holder during cool down led to
movement of the sample by up to 1 mm between 300 K and 3 K. This changed the
alignment of the luminescence emission relative to the collection optics. The effect was
observable over a 300 K temperature range as a 5 mm horizontal movement of the
focussed spot of the unfiltered scattered laser light across the slits of the spectrometer.

Alignment of the sample was maintained using a QImaging Retiga 1300 CCD
camera (labelled camera in Figure 4.1) focussed backwards through the collection optics
using a removable mirror (labelled M; in Figure 4.1). For repositioning the sample at
each temperature, the post-excitation optics were aligned at the optimum working
distance of the microscope objective, where the image of the sample on the camera was

in focus.
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Figure 4.7 Experimental setup Base
Drawing temperature
reference
A Rectangular sample holder
i | No optical access — 4 layers of superinsulation and radiation | 14 K
shield
ii | No optical access — 20 layers of superinsulation and radiation | 10 K
shield
iil | Superinsulation removed — only radiation shield with wide 39K
optical access
Multiple section sample holder — bolted + greased
’ connection to Cryomech cryostat 2" cooling stage
1 | No optical access - 20 layers superinsulation and radiation 5K
shield
it | 1.5 cm diameter optical access — thermometer inside 10K
radiation shield and 20 layers of superinsulation
iii | 1 cm diameter optical access — thermometer outside radiation | 15 K
shield and 20 layers of superinsulation
iv | Thermometer wiring inset in groove - 1 cm diameter optical | 12 K

access — thermometer outside radiation shield and 20 layers

of superinsulation

Table 4.1 Changes in sample base temperature for various sample holder designs. The base

temperature was measured by a platinum resistance thermometer in the location of the

sample.
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Manual repositioning of the sample to within a few microns was accomplished
using a mask over the CCD camera image on the computer monitor showing features on
the sample surface. The sample position was adjusted using an x — z translation stage to
bring the camera image of the sample back into alignment with the mask on the monitor.

Contraction of the sample holder was primarily in the y direction between 300 K
and 250 K. A translation stage located inside the cryostat was trialled to correct for
motion in the y direction (Figure 4.8). However, the thermal load of the control rod,
which protruded through the cryostat casing, increased the base temperature of the
cryostat to 100 K. Therefore, although the sample holder constructed of a single piece of
copper lacked the flexibility of the y translation stage design, the improved base

temperature was preferable.

AN

Modified cryostat

window for

translation stage

access
Rotatable Z
control dial

Sample—"| In Y

Silicon/ o Tufnol rod X

wafer / | ]
| \l Aluminium walls
Cryosta of cryostat
window Threaded
Threaded aluminium bar
copper bar

Figure 4.8. Design of the y direction translation stage located within the Cryomech cryostat.
The translation stage arm was constructed from aluminium, tufnol and copper. Rotation of
the end of the arm, outside the cryostat moved the sample towards or away from the
cryostat window within a hole through the vertical section of the sample holder. Silicone
grease between the vertical section and the movable threaded copper bar improved thermal

conduction through the holder.
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4.5. Thermometry

Sample temperature measurement

Calibration of sample temperature was carried out by comparing electrical
resistance measurements as a function of temperature in the variable temperature bore of
the Quantum Design Physical Properties Measurement System (PPMS) and the
Cryomech optical cryostat with and without laser illumination. Accurate measurement of
resistance as a function of temperature for niobium, DyBCO and PbMosSs was carried
out using the AC Transport mode of the PPMS. However, the low resistance of copper
required a custom nanovolt precision probe which was constructed to enable
measurement of resistances down to 1 x 107 Q.

The custom nanovolt precision probe used twisted pairs of current and voltage
wires. Each wire was a single piece with no joints between the sample and a nanovolt
amplifier. Application of current in a delta mode pattern (alternating positive and
negative current) eliminated the effects of thermal voltages.

The nanovolt precision measurements were repeated in the Cryomech optical
cryostat for all four samples using the sample holder arrangement used for
photoluminescence measurements. All wiring was thermally anchored to the sample
holder to ensure that the wiring was in thermal equilibrium with the sample. Resistance
was measured as a function of the cryostat’s second stage cold head temperature. The
resistance vs temperature scans with and without laser illumination were then compared
to the measurements made in the PPMS to calibrate actual sample temperature against

the Cryomech optical cryostat second stage cold head temperature.

122



To eliminate the possibility of contamination of the luminescence signal with
remnants of voltage and current contacts, all photoluminescence measurements were

made prior to the resistance measurements.

4.6. External hardware and software

4.6.1. External hardware

Function of the electronics

Figure 4.9 is a schematic representation of the electronic components interfacing
the PC to the cryostat and detectors. One Keithley 2000 Digital Multimeter was used to
measure the output from the Ge detector. A second Keithley 2000 Digital Multimeter
together with Keithley 220 current source was used to make the four point resistance
measurement of the samples for temperature calibration.

The cryostat temperature was controlled and measured by a Model 9650
Scientific Instruments Digital Temperature Controller which provided a voltage output to
heaters in the cold head which worked against the cooling power of the pulse tube
refrigerator.

The output from the silicon diode array CCD detector was detected using an
EG&G PARC model 1471A detector which was monitored by the PC. A Bentham
Mono Stepping Drive set the central wavelength of the spectrometer grating and hence
fixed the wavelength range measured by the silicon diode array CCD detector. Two
stepper motors were each driven by PDFX series drives to position the x — z translation
stage of the cryostat. General Purpose Interface BUS (GPIB) and Recommended

Standard 232 (RS232) connections coupled all the hardware to the PC. A National
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Equipment on optical bench

|

Thermometry Detector interface Translation stage
Keithley 2000 EG&G Princeton Parker PDFX Series
DMM Applied Research Stepper motor driver
Detector Interface
Keithley 220 Model 1471A
Current supply
Parker PDFX Series
Bentham Mono Stepper motor driver
Keithley Stepping Drive
2000 DMM
Laser monitoring
Scientific Instruments
Digital Temperature .
controller 2 g:(',tgaM
Model 9650

l

PC via GPIB or RS232 interface

Figure 4.9 Schematic diagram of electronic equipment for interfacing between optical

bench equipment and computer control software. DMM stands for Digital Multimeter.

Instruments GPIB card was installed in a PCI slot on the PC to enable control of the

hardware and data logging in LabVIEW software.

4.6.2. Software

LabVIEW
Control and logging of data from the experiment was conducted using National
Instruments LabVIEW 7 software. The easy adaptability of the program with simple

interfacing of hardware meant that the software could be modified quickly to automate
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the experiment and log data to file with the benefit of a visual representation of data in
the front end of the software (Figure 4.10).

Additions to the original program included; temperature batch scanning, laser
power measurement, measurement of laboratory temperature, automatic background
scanning during batch measurements and the ability to make repeat measurements with

set waiting times between scans.
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Figure 4.10. Example of the front panel of the LabVIEW 7 photoluminescence control and
data logging software. The diagram shows the spectrometer settings including shutter,
central wavelength, line grating control and sample measurement time. Cryostat
temperature is controlled by an instant set temperature function or a batch scan option.
Positioning of the translation stage in the x — z direction can be set in millimetre steps. The
screen also displays the background scan and photoluminescence spectra as well as cryostat

temperature, laser power and room temperature.
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4.7. Sample preparation

4.7.1. Samples

Sample dimensions
Sample size varied from 2mm x 2mm to 10 mm x 10 mm and sample thickness

between 0.1 mm to 1 mm. A selection of samples can be seen in Figure 4.11 below.

Preparation of samples

Samples were prepared in two stages. Firstly, the Cu, Au, Nb, YBCO and
DyBCO single crystal samples were polished to a visible mirror finish of 1 pm
smoothness using a polishing and lapping machine. The machine used 1200 grade
abrasive paper followed by liquid diamond paste (6 um, 3 pm, lpm grade) on Kemet

Pan-W self adhesive cloths for precision lapping and polishing. The samples were then

Figure 4.11. Photograph of a selection of samples mounted on silicon wafers. Top row -from
left to right: copper, gold, niobium, PbMosSs, Pb.,GdMo0¢Ss x = 0.3, bottom row — left to
right: SnMo¢Ss, SnyEu,Mo¢Ss x = 0.35, YBCO (single crystal), YBCO (thin film), DyBCO
(single crystal). The copper, niobium, PbMosSs, and DyBCO samples are shown with the

contacts for resistivity measurements. The scale on all of the photographs is the same.
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cleaned in acetone and isopropanol to remove any glue or grease from the polishing
process. Polycrystalline samples (PbMogSg, Pb;xGdxMoeSg x = 0.3, SnMo¢Ss, Snj.
xEuxMogSg x = 0.35) were not polished due to their granular nature, but the top layer of
the surface was removed using abrasive paper and the samples cleaned using acetone and
isopropanol in an ultrasonic bath. Mounting of the 99.999 % purity gold sample in the
cryostat was not possible in its original wire form. Therefore, the sample was pressed
into a disk by winding the wire into a spiral and compressing in a hydraulic press. The

sample was then polished and cleaned as above.

Mounting techniques

Preliminary tests mounting samples and thermometers using GE varnish gave
poor thermal contact between the components and sample holder. This was attributed to
bubbles forming in the GE varnish during evacuation of the cryostat which increased the
joint width and hence temperature gradient. Samples were mounted using Apiezon N
grease as a very thin layer could be applied which calculations confirmed was crucial in
reducing the temperature gradient across the joint between the sample and holder (section
4.8.1. below).

Care had to be taken to ensure that adhesives were located behind the sample as
the photoluminescence intensity of the N grease was 10° times greater than luminescence
from the samples. The PbMogSg and YBCO samples were smaller than the protrusion of
copper on the sample holder. Therefore, the samples were mounted to a 300 um thick
silicon wafer to prevent luminescence from the sample holder or N grease being

measured.
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4.8. Data collection and corrections

4.8.1. Data correction

Four corrections were applied in the analysis of raw photoluminescence emission
spectra. These accounted for; variation in laser power as a function of time, the response
as a function of wavelength of the silicon photodiode CCD array detector and
spectrometer, a lower wavelength limit due to the dichroic filter and calibration of

sample temperature. Example data analysis is shown in the following sections.

Correction of photoluminescence intensity due to changes in laser power

Correction for fluctuation in laser excitation power was carried out by dividing
the measured photoluminescence intensity (in counts s') by the laser power (in W) as
measured by the calibrated germanium detector. This gave a final photoluminescence
intensity in counts s W', Figure 4.12 shows the PL emission intensity of copper as a

function of excitation power.

Silicon photodiode detector and spectrometer response

The spectrometer and silicon photodiode CCD array displayed a wavelength
dependent sensitivity response. The manufacturers’ stated sensitivities for the two
instruments were combined to create a normalised overall response (Figure 4.13). This
response was then inverted to give a wavelength dependent correction factor which was
applied to all photoluminescence emission spectra during data analysis. Figure 4.14

shows a corrected photoluminescence emission spectrum for gold.
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Figure 4.12. Photoluminescence intensity as a function of excitation power for copper.
Excitation power (at 488 nm) was measured using the Ge detector calibrated against a

Melles Griot Power Meter positioned between the focussing lens and the cryostat window.
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Figure 4.13 Wavelength dependent response for the 150 line spectrometer diffraction
grating (black) and silicon photodiode CCD array detector (red). The overall system
response has been calculated and normalised (green) before being used as a correction

factor for measured photoluminescence emission spectra.
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Figure 4.14. Example of the correction of the photoluminescence emission spectrum of gold
for the wavelength dependence of the spectrometer and silicon photodiode array detector.
The green line shows the correction curve for the spectrometer and silicon diode CCD
array detector as a function of wavelength, the red line is the normalised
photoluminescence emission spectrum of gold and the blue line shows the corrected
photoluminescence emission spectrum of gold. The detector correction curve was
calculated from the combined wavelength dependence of the spectrometer grating and

silicon diode CCD array.

Angular dependence of the Raman RazorEdge® long wave pass dichroic filter
The dependence upon angle of incidence for the Raman RazorEdge® long wave

pass dichroic filter is given by the manufacturer as [157]

ﬁ(9)=ﬂo\/1—(sin9/neﬂ)2 4.1)

Where A is the wavelength of the feature in the spectrum with the filter at an angle 0 to
the normal, Ay is the wavelength with the filter at normal angle of incidence. 7. is the

effective refractive index of the filter and varies for s and p polarised light from 2.08 and
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1.62, respectively. Figure 4.15 shows a schematic diagram of the geometry of angles
relative to the filter surface and a comparison of measured and calculated shift in
wavelengths. The measured shift is for unpolarised light.

Figure 4.16 is an example of the change in the photoluminescence emission
spectra of copper with rotation of the dichroic filter. Measured photoluminescence
emission intensity was reduced below 535 nm by the dichroic filter and this wavelength

was taken to be the lower limit for photoluminescence spectra during data analysis.
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Figure 4.15 Comparison of calculated and measured shift in wavelength as a function of
angle of incidence at the dichroic filter between 0 and 25° for s, p and un-polarised light.
The measured wavelength is the cut off edge of the gold spectrum (535 nm at 0 degrees
angle of incidence). The inset diagram shows how filter angle was measured relative to the

sample surface. The calculated shift is for data calculated using equation (4.1).
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Figure 4.16. Photoluminescence emission spectra of copper after rotation of the dichroic

filter between 0° and 25°.

Sample temperature

As discussed in section 4.5. (Thermometry), sample temperatures were calibrated
using measurements of resistance as a function of temperature using the AC Transport
mode or custom nanovolt precision probe in the Quantum Design PPMS and Cryomech
optical cryostat.

Solder provided the most mechanically robust joint between the sample and
current and voltage leads and, as such, was used to attach the contacts to the copper
sample. It was not possible to use solder with the niobium, DyBCO and PbMogSsg
samples so silver conductive paint was used to make the contacts to these samples. The
paint did not have the mechanical strength necessary to be able to move the samples
between the PPMS and Cryomech optical cryostat and the contacts had to be remade
once the sample was mounted in the Cryomech cryostat. The change of contacts led to a

corresponding change in resistance. Therefore, all resistance measurements on these
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samples were normalised to 1 at 300 K to allow comparison of the resistance vs
temperature data.

Figure 4.17, Figure 4.18, Figure 4.19 and Figure 4.20 show resistances as a
function of temperature for copper, niobium, DyBCO and PbMo¢Ss respectively. Figure
4.17 shows critical features for copper including: that in the worst case the base
temperature of the sample can vary by up to 75 K; the laser typically heats the sample by
50 K at the cryostat base temperature; and even in the best case (where the sample
mounting techniques were most developed), the base temperature of the sample under

laser illumination was 75 K. These data are used to identify a conversion from the
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Figure 4.17. Resistance as a function of temperature measured by the Cryomech optical
cryostat second stage thermometer and Physical Properties Measurement System (PPMS)
variable temperature insert for copper. Measurements were made using the custom
resistivity probe in the Physical Properties Measurement System (PPMS) and in the
Cryomech optical cryostat with and without laser illumination of the sample for increasing
and decreasing temperatures. The measurement in the Cryomech optical cryostat was

repeated three times to assess the reproducibility of the sample mounting.

133



10 T T T T T T T T T T

2
sl

0.8- Laser off ]
)]
(&)
[
ol
2 0.6 .
e
°©
3
5 041 PPMS
% —— AC Transport measurement
zZ Cryomech optical cryostat

0.2 1

Without laser illumination
With laser illumination

0042 e—
0 50 100 150 200 250 300

Temperature (K)

Figure 4.18. Resistance as a function of temperature for niobium. Measurements were
made using the custom resistivity probe in the Physical Properties Measurement System
(PPMS) and in the Cryomech optical cryostat with and without laser illumination for
increasing and decreasing temperatures (as measured by the Cryomech cryostat second

stage cold head thermometer).

temperature of the Cryomech 2™ stage thermometer to the temperature of the sample
under laser illumination. The decrease in resistance between 25 and 50 K in the
measurement of niobium under laser illumination in Figure 4.18 was due to the
temporary removal of laser illumination. During this period the resistance decreased to
the value measured in the scan without laser illumination. The second feature to note is
the increase in resistance between 25 and 50 K in the AC Transport measurement. This
increase is due to an electrical fault in the AC mode of the PPMS and was not present in
measurements carried out using the custom nanovolt precision probe.

Due to failure of the laser during the final series of measurements, resistance as a
function of temperature for PbMoeSg under laser illumination was estimated from

calculations using measurements without illumination. The relationship between the
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Figure 4.19. Resistance as a function of temperature for DyBCO. Measurements were made
using the custom resistivity probe in the Physical Properties Measurement System (PPMS)
and in the Cryomech optical cryostat with and without laser illumination of the sample for
increasing and decreasing temperatures (as measured by the Cryomech cryostat second

stage cold head thermometer).

sample resistance with and without sample illumination was similar for all samples. In all
cases the largest increase in the sample resistance due to laser illumination was measured
at the cryostat base temperature and decreased with increasing cryostat second stage cold
head temperature to an almost negligible difference at room temperature. To determine
the expected temperature increase of the PbMosSg sample under laser illumination, the
difference in sample temperature with and without laser illumination calibrated from the
resistance measurements of the copper, niobium and DyBCO samples were plotted as a
function of the Cryomech cryostat second stage cold head temperature (Figure 4.21). A
fit was then made to the data and the average temperature increase from the three

samples added to the PbMo¢Sg sample temperature data without laser illumination.
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Figure 4.20. Resistance as a function of temperature for PbMo¢Ss. Measurements were
made using the custom resistivity probe in the Physical Properties Measurement System
(PPMS) and in the Cryomech optical cryostat without laser illumination of the sample for
increasing and decreasing temperatures (as measured by the Cryomech cryostat second

stage cold head thermometer).

The reproducibility shown in Figure 4.18 when laser illumination was removed
from the sample is good, +/- 5 K, during each temperature run, which was typical of
those samples where the grease was not compromised and the sample did not fall off the
holder.

Figure 4.22 shows the calibrated sample temperature vs the Cryomech optical
cryostat second stage temperature for copper, niobium, DyBCO and PbMosSs. The data
in Figure 4.22 have been used throughout this thesis to convert from the temperature of
the Cryomech second stage cold head thermometer to the temperature of the sample
under laser illumination. Temperature conversion data of this type was not obtained for

all samples due to the similar electrical and thermal properties of certain materials.
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Figure 4.21. Calibrated temperature increase due to laser illumination of the sample vs the
uncalibrated Cryomech optical cryostat second stage cold head temperature for copper,

niobium and DyBCO. The blue line is a second order polynomial fit to the data.
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Figure 4.22. Calibrated sample temperature under laser illumination as a function of the
Cryomech optical cryostat second stage cold head temperature for copper, niobium,
PbMosSs and DyBCO. Calculated values for resistance under laser illumination were used

as calibration data for PbMo¢Ss due to failure of the laser.
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The copper data have been used to estimate the temperature of the gold sample,
the DyBCO data used to calibrate the YBCO sample and the PbMosSg data used to

calibrate the SnMosSg sample.

Calculation of sample temperature

The effect of laser illumination, Apiezon N grease thickness and the addition of a
silicon wafer for sample mounting was calculated using the equation for thermal
conduction

e (4.2)
X

P

Total

where Pror 15 the total power flowing along the temperature gradient for a material of
thermal conductivity, &, area A and length, x for a temperature increase, AT .

Figure 4.23 part a) shows a schematic representation of the arrangement in the
Cryomech optical cryostat. Part b) and c) are simplified representations of the sample
holder without and with a silicon wafer, respectively. A silicon wafer was required for
both the photoluminescence measurements of small samples and to electrically insulate
the sample from the copper holder during temperature calibration resistance
measurements. Preliminary calculations showed that the temperature drop across the
sample and the copper components is very small. In principle, if no Apiezon grease were
required, the elemental samples would reach a base temperature below 3 K, the high
temperature cuprates less than 4 K and the Chevrel phase samples less than 6.5 K.
Unfortunately, as we shall see below, the Apiezon N grease increases the temperature
difference between the surface of the sample absorbing the laser light and the cryostat
second stage cold head very markedly.

The base heat load on the sample (due to radiation from the walls and window of
the cryostat) was estimated by comparing the base temperature of the Cryomech optical
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Figure 4.23. Schematic diagram of a) the single piece sample holder, the sample holder
simplified for heat conduction calculations b) without and c) with the silicon wafer between

the sample and sample holder.

cryostat second stage cold head to the manufacturer’s specification for the cooling power.
For a base temperature of 3.35 K the manufacturer’s specification stated that the cooling
power of the cryostat was 0.28 W. By increasing the heat load on the cryostat through the
application of 120 mW of laser illumination to the sample, the base temperature
increased to 3.66 K. This was in broad agreement with the manufacturer’s specification
of at total of 0.4 W heat load for a base temperature of 3.66 K.

Table 4.2 shows the calculated temperature increase relative to the base

temperature for copper, niobium, DyBCO and PbMoSg. The measured sample thickness
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and cross sectional area were entered into the calculation along with the thermal
conductivity at 4.2 K from the literature.

The power through the system was dependent upon the base heat load on the
sample (Ppase) and the power of the laser on the sample (Pjser). The power of the laser
was measured between the final focussing lens and the cryostat window before the laser
beam was fully focussed. The decrease in spot diameter between the measurement
position and the sample has been accounted for in the value of P used in the
calculation. The best fit to the data was found when the total power was calculated using

P, =P +aPF

Totat = Lhase T O Fser (4.3)
where o is the absorption coefficient of the sample measured at 488 nm using
ellipsometry as presented in Chapter 3.

The only variable in the calculations in Table 4.2 was the thickness of Apiezon N
grease. The thickness was varied to give the measured sample temperature under laser
illumination in the optical cryostat with a silicon wafer present. In the case of PbMosSs
the thickness of N grease was varied to fit the measured temperature without laser
illumination. The calculation was then repeated under identical conditions but with the
removal of the silicon wafer and one layer of N grease.

The calculation generates values for the sample temperature without laser
illumination which are within 3 K of the measured values for copper and niobium and 12
K of the estimated temperature under laser illumination for PbMosSs. A comparison
between calculation and experiment could not be made for DyBCO without laser

illumination as the sample had entered the superconducting state. However, the N grease

thickness is consistent with the values used in the calculation for copper and niobium.
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Temperature increase relative to the

cryostat base temperature of 3.66 K Thermal
N grease Silicon No silicon conductivity
thickness (W/(m.K))
Sample (pm) No laser Laser No laser Laser w42 K
Copper C 104 41K 79 K 21K 39K 630
M 43 K 79 K
Niobium C 108 43K 84 K 22K 42K 7.8
M 46 K 84 K
DyBCO C 102 41 K 126K 21K 65K 10
M Below 126 K
Ic
PbMoeSs C 58 24 K 59K I3K 32K 15
M 24 K 71 K*

Table 4.2. Calculated and measured sample base temperatures. The temperature increase is
stated relative to the base temperature of the cryostat, 3.35 K (measured value). The
thermal conductivity of N grease is quoted by the manufacturer as 0.095 W/(m.K) [163]. An
average value of 150 W/(m.K) from references is used for the thermal conductivity of the
silicon wafer[164] [165]. References for copper, gold, niobium, DyBCO and PbMoSs
thermal conductivities are found in references [166-169] respectively. C indicates calculated
data and M measured temperatures. * PbMo¢Ss temperature under laser illumination was

calculated from unilluminated calibration data.

Table 4.2 clearly demonstrates that the dominant factor in the temperature
increase along the length of the sample holder is the thickness of the low thermal

conductivity Apiezon N grease. The thermal conductivity of Apiezon N grease is two
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orders of magnitude lower than the value for PbMo¢Sg and nearly 4 orders of magnitude
smaller than the value for copper.

The calculations in Table 4.2 are consistent with the variability in the sample
temperature observed experimentally and attribute the variability to the changes in the
thickness of the two layers of Apiezon N grease. The calculations give a difference in N
grease thickness of ~50 um across the four samples. If these differences are uncontrolled
and are applied to the calculation for each sample, a reproducibility for the lowest
temperature of the sample under laser illumination is +/- 20 K for copper and niobium,
+/- 30 K for DyBCO and +/- 40 K for PbMo¢Ss. In practice the thickness of the Apiezon
grease is specific to the roughness of the sample. We have found that the base
temperature of the copper sample was 43 K, 46 K and 135 K for each of the three
measurements without laser illumination (Figure 4.17). By simply adding the upper
temperature into the calculation above we find an N grease thickness of 178 pm.
Considering the measured base temperatures in Table 4.2, we estimate that the
reproducibility of the lowest sample temperatures between separate mounting of the
sample are of the order of +/- 45 K for copper and niobium, +/- 65 K for DyBCO and +/-
60 K for PbMogSs.

Photoluminescence emission measurements of copper, gold, niobium and
DyBCO were carried out without the silicon wafer present in the experimental setup. In
this case, the calculation predicts that the removal of the second layer of N grease
reduces the temperature increase by 39 K, 42 K and 62 K for copper, niobium and
DyBCO respectively, compared to the measurement with the silicon wafer present.
Photoluminescence measurements of YBCO, PbMogSg and SnMoeSg were all carried out
with a silicon wafer between the sample and holder to act as a shield to the excitation of

photoluminescence from the sample holder and Apiezon N grease.
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4.8.2. Accuracy of measurements

Luminescence of optical components

Figure 4.24 shows the PL emission spectrum of copper after rotation of the
sample to directly reflect the laser into the microscope objective. The laser light is
incident on the edge of the objective lens at 21° and is central to the microscope objective
at 26°. A peak at 800 nm is observable in the PL emission spectrum at 26° rotation which
is not present in the 0° spectrum. The peak is attributed to the luminescence of the optical
components and is taken as confirmation that there is no contribution to the sample PL
emission spectrum from luminescence of optical components for the standard (0°)

experimental geometry.
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Figure 4.24. Contribution of the optical components to the normalised photoluminescence
emission spectrum of gold. The sample is rotated from an angle normal to the collection
optical pathway to 26° when the sample directly reflects the laser from the sample surface
into the microscope objective. The inset figure shows the angle of sample rotation relative to
the collection optics. The reflected laser light is not directly incident on the microscope

objective until 21° and is central on the microscope objective at 26°.
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4.9. Conclusions

This chapter has detailed the design, commissioning and calibration of an
instrument to measure low intensity photoluminescence emission spectra as a function of
temperature. A discussion of optical hardware suitable for the measurement of samples
with low photoluminescence emission intensities was carried out and cryogenic
apparatus and sample holder designs discussed. Best practice for accurate thermometry
has been considered and calibration of sample temperature thoroughly examined. The
temperatures quoted are reproducible during an individual run to within +/- 5 K. Sample
mounting leads to a reproducibility of the sample base temperature of +/- 45 K for copper
and niobium, +/- 65 K for DyBCO and +/- 60 K for PbMo¢Sg, which is caused by
variations in the thickness of Apiezon N grease between the sample, silicon wafer and
holder.

A considerable amount of work has been completed to develop an instrument for
the measurement of low yield photoluminescence emission. In this chapter we have
discussed how we have achieved the very high sensitivity required to measure metallic
samples and the following chapters will present the successful measurement of sample
spectra and the difficulties encountered in obtaining reliable results. The reliability of the
measured spectra will be discussed through comparison of data with calculated spectra
and data in the published literature. In this work, we have achieved good signal to noise
for samples with low luminescence yields but unfortunately achieving sample base

temperatures below 70 K has not proven possible.
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Chapter 5. Photoluminescence of gold and copper

5.1. Introduction

The measurement of the room temperature photoluminescence emission spectra
of gold and copper has been reported in the literature by several authors and was
discussed in detail in Chapter 2 [9, 10, 64]. However, little work has been carried out into
the measurement of their photoluminescence emission spectra at low temperatures and no
results have been published on measurements made as a function of temperature [9].
Study of the photoluminescence emission spectra as a function of temperature has the
potential to provide important information regarding changes in the density of states and
optical constants at low temperatures, which are difficult to measure by conventional
techniques. The aim of the work presented in this chapter is to provide the first
systematic study of the photoluminescence emission spectra of gold and copper as a
function of temperature.

Section 5.2. gives details of the samples and their preparation for measurement
with sections 5.3. and 5.4. presenting the data for photoluminescence emission from gold
and copper, respectively. Spatially resolved spectra from across the sample surface are
shown along with the dependence of the photoluminescence emission of each sample on
excitation power, the variation in peak photoluminescence emission intensity as a
function of time and measurements as a function of temperature. Photoluminescence

emission spectra of gold and copper have been calculated and compared to data in the
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literature and the experimentally measured spectra in section 5.5. Finally, section 5.6.

gives a discussion of the data followed by conclusions in section 5.7.

5.2. Samples

5.2.1. Sample purity and form

The gold and copper samples of various purities and forms measured using the
low yield photoluminescence instrument and are listed in Table 5.1 below. Preliminary
spatial mapping measurements of low purity gold samples showed an additional peak in
the emission spectrum at certain locations on the sample surface when compared to the
photoluminescence emission spectrum of the high purity sample. Therefore, the highest
purity samples commercially available were selected for measurements as a function of
temperature.

The 99.999 % purity gold sample was supplied by the manufacturer in wire form.
In order to make photoluminescence measurements the wire was wound into a flat coil
and compressed using a hydraulic press before polishing. The process increased the
surface area of the sample and reduced scattering of the laser light compared to the
curved surface of the gold in wire form. In its pressed form the sample was not required
to be mounted on a silicon wafer as pressing increased the sample surface area to greater
than the dimensions of the mounting protrusion on the sample holder. Pressing the
sample also ensured that locating the Apiezon N grease behind the sample was less

problematic than for a sample in wire form.
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Sample Form Supplier Impurities as stated by the supplier
purity (ppm)
Au

99.999 % Wire — pressed

99.999 % Wire

99.99 % Foil

Sigma-Aldrich

Advent
Research

Materials

Sigma-Aldrich

Ca5.0,Fe3.3,Ag2.8,Zn2.4,Ni 0.4,
Mg 0.3
Ag9, Fe 1 all other content < 1 ppm

Pt7,Ag5,Pd3,Cu2, Fe2,Nil,all

other content < 1 ppm

Cu
99.9999 % Rod

99.95 % Rod

Sigma-Aldrich

Smiths Metals

Centres

Unknown impurities

Ag 100, Ca 3, Pb 3,Si2,Sn2, Fe2,
Bil, Al 1, Cd 1, Mg 1 all other content
<1 ppm

Table 5.1 Purity and form of the gold and copper samples. Supplier information is listed

along with the stated impurities as supplied by the manufacturer.

5.2.2. Sample preparation

The gold and copper samples were polished then cleaned in an ultrasonic bath

with acetone and isopropanol to ensure a clean, flat surface for measurements.

Photoluminescence emission spectra were measured before and after polishing for both

samples. In both cases the photoluminescence emission intensity of the spectra decreased

after polishing with the same ratio of decrease measured for both samples (Table 5.2).

Figure 5.1 shows the spectra before and after polishing. The shape of the

photoluminescence emission spectrum of gold changed only minimally after polishing,

however, the copper sample showed a disappearance of the peak at 850 nm after

polishing.
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Sample Before polishing After polishing Ratio
Before : After

Gold 3.6x10° counts s W' 0.3 x107% counts s W' 12:1

Copper 1.2x10 Scounts s W' 0.1x10° counts s’ W 12:1

Table 5.2. Peak photoluminescence emission intensities of gold and copper measured before
and after polishing. Samples were polished using 1200 grade abrasive paper followed by 6
pm, 3 pm and finally 1 pm liquid diamond paste. All measurements were made within 24

hours of polishing.

5.3. Photoluminescence of gold

The following section presents data for the 99.999 % purity gold wire purchased from

Sigma Aldrich. The sample thickness after pressing was 0.3 mm with a surface area
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= 1 Pre polighir)g
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£ 1 Copper
s 3.0 1 Pre polishing
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5(|)O ' 600 700 ' 8(|)0 ' 9(I)O
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Figure 5.1. Photoluminescence spectra of gold and copper before and after polishing. Post
polishing measurements were made with the cryostat window in place in the optical setup.

Measurements were made within 24 hours of polishing with a typical excitation power of 55

mW.

148



of 578 mm x 6.59 mm. The sample was characterised by the measurement of
photoluminescence emission spectra as a function of position on the sample surface,
excitation power and time. The photoluminescence emission spectra, peak
photoluminescence emission intensity and full width half maximum (FWHM) were then

measured as a function of increasing, decreasing and a random order of temperatures.

5.3.1. Spatially resolved measurements across the sample surface

Figure 5.2 shows the spatially resolved normalised photoluminescence emission

spectra of 99.999 % purity gold. Measurements were made at 1 mm intervals in the

Position Peak emission intensity
£ 1.004 " ——1mm 18.8x10° counts " W'
S ) ——2mm 7.7x10°counts s W
S 3mm 0.5x10° counts s W
8 .75 ——4mm  1.0x 10° counts s'11W'11
§ 5mm 1.3x 10°counts s’ W
ki ———6mm 44.7x10°countss” W'
IS |
3 0.504 |
S | !
_8 |
o Vertical position 1
e}
& 0254 |
© Vertical position 2
g E j[
S )
i
000 m: u .\'a“/l .

. . . M o S UL, N NP TR
500 600 700 800 900
Wavelength (nm)

Figure 5.2 Normalised photoluminescence emission spectra of 99.999 % purity gold wire
measured across the sample surface. The inset figure is a schematic diagram of the location
of measurements on the sample. Measurements were made along the horizontal direction at
Imm intervals in one of two vertical positions. The spectra shown in the main graph are
taken in vertical position 1. The edge of the sample was located at 0 mm and 6 mm. Typical

excitation powers were 55 mW.
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horizontal direction at vertical position 1 (inset figure). The peak photoluminescence

emission intensity at each position is stated in the legend.

5.3.2. Photoluminescence spectra as a function of excitation power

Figure 5.3 shows the normalised photoluminescence emission spectra of 99.999
% purity gold for increasing excitation power. Excitation power was manually increased
to a maximum of 104 mW before being decreased back to 55 mW to confirm
reproducibility of the spectra. Excitation power was measured using a handheld Melles
Griot power level meter positioned between the final focussing lens and the cryostat

window.
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Figure 5.3. The normalised photoluminescence emission spectra of 99.999 % purity gold
measured for increasing excitation power at 304 K. The inset graph shows peak
photoluminescence emission intensity as a function of excitation power. Laser power was
manually increased from 0 to 104 mW before the power was reduced and the measurement

at 55 mW repeated.
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5.3.3. Time dependent measurements

Variation of photoluminescence intensity over a period of days

Figure 5.4 shows the peak photoluminescence emission intensity plotted as a
function of time for gold. A change in peak photoluminescence intensity of
approximately 10 counts s (200 counts s W) over the course of 8 days is observed

with the spectral shape remaining the same throughout the measurements.

Variation of photoluminescence spectra over a period of hours
Figure 5.5 shows a selection of seven normalised photoluminescence emission

spectra from measurements made at 2 minute intervals over the course of a 9 hour period

o
N

o
w
[]
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(x 10° counts s W)
o 1)
o o
L |

Photoluminescence intensity

o
o

2 4 6 8
Days since polishing

0.6

Time since
polishing
1 day
—— 2 days
3 days
—— 5 days
T 6 days
700 —— 7 days
Wavelength (nm) —— 8 days

Normalised photoluminescence intensity

Figure 5.4. Normalised photoluminescence emission spectra of gold measured over a period
of 8 days. The inset graph shows the peak photoluminescence emission intensity as a
function of time. Spectra are measured at 300 K with the cryostat window present in the

optical setup. Typical excitation powers were 55 mW.
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at a set temperature of 206 K. The inset figure shows the wvariation in peak
photoluminescence emission intensity during this period. The location of the laser
excitation spot was moved to a new position on the sample as the first
photoluminescence measurement was started.

A decrease in peak photoluminescence emission intensity is observed over the
first 30 minutes after excitation at a new position on the sample. This is followed by an
oscillation in intensity with a period of approximately 500 minutes. As well as a change
in the main peak photoluminescence emission intensity at 535 nm, the intensity at ~575
nm was also observed to change over the 9 hour measurement. However, the changes did

not correlate with those observed at 535 nm.
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Figure 5.5. Photoluminescence emission spectra of gold measured over a 9 hour period.
Each spectrum was measured at 206 K at 2 minute intervals. The main graph shows 7
normalised spectra measured at various times throughout the 9 hour period. The inset
graph shows the variation in the photoluminescence emission intensity at 535 nm corrected
for fluctuations in laser power (in counts s' W) as a function of time. Typical

photoluminescence excitation power was 55 mW.
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5.3.4. Temperature dependent measurements

The photoluminescence emission spectrum of 99.999 % purity gold was
measured as a function of increasing, decreasing and a random order of temperatures.
Measurements were made over the course of a 9 day period with polishing of the sample
indicating zero days. Photoluminescence emission spectra were measured 30 minutes
after the cryostat temperature had settled at the set temperature and the sample had been
repositioned to account for thermal contraction. The 30 minute period ensured that the
sample had reached thermal equilibrium with the cryostat and that the initial period of
rapid decrease in photoluminescence emission intensity had passed. The
photoluminescence emission spectra, peak photoluminescence emission intensity and full
width half maximum (FWHM) of 99.999 % purity gold measured as a function of

temperature are presented in Figure 5.6 to Figure 5.8.

Variation of spectral shape with temperature
Figure 5.6 shows the photoluminescence emission spectra of 99.999 % purity

gold measured as a function of decreasing temperature 4 days after sample polishing.

Variation in peak intensity with temperature

Figure 5.7 shows the peak photoluminescence emission intensity of 99.999 %
purity gold as a function of increasing, decreasing and a random order of temperatures.
Measurements were made 4, 6 and 9 days respectively after the sample had been
polished. In Figure 5.7 the peak photoluminescence emission intensity is corrected for

. . . . . . -1 -1
changes in excitation power and is given in counts s~ W™.
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Figure 5.6. Photoluminescence emission spectra of gold measured as a function of
temperature. Spectra were measured for decreasing temperatures from 304 K four days
after the sample was polished. The inset graph shows the normalised spectra. All spectra
were measured after a 30 minute period which began once the sample had been
repositioned to correct for thermal contraction. Typical photoluminescence excitation

power was 55 mW.
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Figure 5.7. Peak photoluminescence emission intensity measured as a function of
temperature for 99.999 % purity gold. The measurements were made over a five day period
for increasing temperatures (green), a random order of temperatures (red) and decreasing
temperatures (black). Data were collected 4, 6 and 9 days after polishing for decreasing,
random order and increasing temperatures respectively. Typical photoluminescence

excitation powers were 55 mW.

Variation of full width half maximum with temperature

Figure 5.8 displays the full width half maximum of the photoluminescence
emission spectra of 99.999 % purity gold measured for increasing, decreasing and a
random order of temperatures. Measurements were made 4, 6 and 9 days after polishing

for the decreasing, random order and increasing temperatures respectively.
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Figure 5.8. Variation in the full width half maximum (FWHM) of the photoluminescence

emission spectra of 99.999 % purity gold measured as a function of temperature. The

measurements were made over a five day period for a random order of temperatures (red),

decreasing temperatures (black) and increasing temperatures (green). Data were collected

4, 6 and 9 days after polishing for the decreasing, random order and increasing

temperatures respectively. The red line is displayed as a guide to the eye. Typical excitation

powers were 55 mW.
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5.4. Photoluminescence of copper

The following section presents data collected for a 0.6 mm thick, 8.9 mm
diameter cross section of the 99.9999 % purity copper sample purchased from Sigma
Aldrich. The sample was characterised by measuring photoluminescence emission
spectra as a function of position on the sample surface, excitation power and time. A
systematic study of the photoluminescence emission spectra, peak photoluminescence
emission intensity and full width half maximum (FWHM) as a function of increasing,

decreasing and a random order of temperatures was then carried out.

5.4.1. Spatially resolved measurements across the sample surface

Figure 5.9 shows data for the spatially resolved photoluminescence emission
spectra of 99.9999 % purity copper. Figure 5.9a is a 2D representation of the
photoluminescence emission spectra measured in 1 mm intervals along the horizontal
direction at vertical position 2 (shown in Figure 5.9¢). Figure 5.9b shows the normalised
photoluminescence emission spectra. Note the changes in spectral shape which are

observed for copper which were not observed for gold (c.f. Figure 5.2).
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Figure 5.9 (a) 2D projection of the photoluminescence emission spectra of copper measured

Vertical position 2
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at different positions across the sample surface (b) Normalised photoluminescence emission
spectra (c) Schematic diagram of the location of measurements on the sample.
Measurements were made along the horizontal direction at 1mm intervals in one of two
vertical positions. The spectra in parts (a) and (b) are measured in vertical position 2. The
edge of the sample was at 0 mm and 8 mm. At 8 mm the laser spot was on both the silicon

and sample. Typical excitation powers were 50 mW.
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5.4.2. Excitation power dependence

Figure 5.10 presents the normalised photoluminescence emission spectrum of

copper as a function of excitation power. Excitation power was manually increased to a

maximum value of 113 mW before the measurement at 51 mW was repeated to confirm

reproducibility of the spectra. Excitation power was measured between the final

focussing lens and cryostat window using a handheld Melles Griot power level meter.
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Figure 5.10. The normalised photoluminescence emission spectra

of copper measured for

increasing excitation powers at 304 K. The inset graph shows the peak photoluminescence

emission intensity as a function of excitation power. Laser power was manually increased

from 0 to 113 mW before the power was reduced and the measurement at 51 mW repeated.
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5.4.3. Time dependent measurements

Variation of photoluminescence over a period of days

Figure 5.11 shows peak photoluminescence emission intensity plotted as a
function of time for copper with polishing of the sample indicating zero days. The peak
photoluminescence emission intensity of the copper sample increased by a factor of 35
(180 counts s™) over a 22 day period (Figure 5.11). A second peak at 800 nm was also
observable after approximately one week. The relative intensity of the 800 nm peak
increased by 40 % relative to the main 600 nm photoluminescence peak during the three
week period. The increase in intensity of the 800 nm peak relative to the 600 nm peak

was not proportional to the overall increase in luminescence intensity.
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Figure 5.11. Photoluminescence emission spectra of copper measured over a period of 22
days. The inset graph shows the peak photoluminescence emission intensity as a function of
time. Spectra are measured at 300 K with the cryostat window in the optical setup. Typical

excitation power was 50 mW.
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Variation of photoluminescence spectra over a period of hours

Figure 5.12 shows a selection of five photoluminescence emission spectra
measured over the course of a 12 hour period at 2 minute intervals. The measurements
were made at a temperature of 206 K. The inset figure shows the variation in peak
photoluminescence emission intensity over this period. The location of the focussed
excitation laser spot was moved to a new position on the sample at the beginning of 12
hour period but was not repositioned at any point during the measurement.

As was observed for the gold sample, there was a rapid, reproducible decrease in

peak photoluminescence emission intensity during the first 30 minutes. There then
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Figure 5.12. The normalised photoluminescence emission spectra of copper measured over
a 12 hour period. Each spectrum was measured at 206 K in 2 minute intervals. The main
graph shows 5 normalised spectra measured at various times throughout the 12 hour
period. The inset graph shows the change in the peak photoluminescence emission intensity
(in counts s W) as a function of time. Typical photoluminescence excitation power was 50

mWw.
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followed an oscillation in peak photoluminescence emission intensity with a period of
approximately 300 minutes. Spectral shape varied over the 12 hour period but did not
correlate to the period of oscillation in peak photoluminescence emission intensity. The
measurement was repeated at 79 K for a 13 hour period and a 1 hour period. The
repeated measurements showed the same initial rapid decrease in peak intensity but

differed in their period of oscillation.

5.4.4. Temperature dependent measurements

Photoluminescence emission spectra were measured as a function of increasing,
decreasing and a random order of temperatures. The measurements were made over the
course of a 21 day period with polishing of the sample indicating zero days. The sample
was polished again 21 days after the first polish and the number of days since polishing
reset to zero.

Measurements of photoluminescence emission were made 30 minutes after the
cryostat temperature had settled at the set temperature and the sample had been
repositioned to account for thermal contraction. The 30 minute wait ensured that the
sample had reached thermal equilibrium with the cryostat and that the period of rapid
decrease in photoluminescence emission intensity observed in Figure 5.12 had passed.

The photoluminescence emission spectra, peak photoluminescence emission
intensity and full width half maximum (FWHM) of 99.9999 % purity copper measured as

a function of temperature are presented in Figure 5.13 to Figure 5.16 below.
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Variation of spectral shape with temperature
Figure 5.13 shows the photoluminescence emission spectra of 99.9999 % purity
copper measured as a function of decreasing temperature 3 days after the sample was

polished. The inset figure shows the normalised spectra.
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Figure 5.13. Photoluminescence emission spectra of copper measured as a function of
temperature. Spectra were collected for decreasing temperatures starting from 304 K, 3
days after the sample was polished. The inset graph shows the normalised spectra. All
spectra were measured after a 30 minute period which began once the sample had been
repositioned to correct for thermal contraction. In all but the 78 K measurement
realignment occurred immediately after cooling to the set temperature. The 78 K spectrum
was measured after the sample had been at 78 K for 2 hours prior to realignment. Typical

photoluminescence excitation power was 50 mW.
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Variation in peak intensity with temperature

Figure 5.14 and Figure 5.15 show peak photoluminescence emission intensity as
a function of decreasing, increasing and a random order of temperatures. Measurements
were made 3, 19 and 21 days after sample polishing, respectively. Peak
photoluminescence emission intensity has been corrected for fluctuations in excitation
power and is given in counts sT W™ in Figure 5.14. Figure 5.15 shows the data

normalised at 78 K.
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Figure 5.14. Peak photoluminescence emission intensity as a function of temperature for
99.9999 % purity copper. The measurements were made over a three week period for a
random order of temperatures (red), increasing temperatures (black) and decreasing
temperatures (green). Data were collected 3, 19 and 21 days after polishing for the
decreasing, increasing and the random order of temperatures respectively. Typical

photoluminescence excitation power was 50 mW.

164



1.5+ ® Random order of temperatures
B Increasing temperature scan

Decreasing temperature scan

P
‘»
cC
(0]
£
(0]
O
[
(O]
O
n
g 1.04a ] N
£
= °
s |- o
-g. . N | ¢
8 05— gt ¥ ™ u ]
: .-
= ]
S
Z
0.0 T T T T T T T T T
100 150 200 250 300

Temperature (K)

Figure 5.15. The normalised peak photoluminescence emission intensity of copper
measured as a function of temperature and normalised to 1 at 79 K. The measurements
were made over a three week period for a random order of temperatures (red), increasing
temperatures (black) and decreasing temperatures (green). Data were collected 3, 19 and 21
days after polishing for the decreasing, increasing and random order temperatures

respectively. Typical excitation powers were 50 mW.

Variation of full width half maximum with temperature
Figure 5.16 presents the full width half maximum (in nanometres) for the
photoluminescence emission spectra of 99.9999 % purity copper for increasing,

decreasing and a random order of temperatures.
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Figure 5.16. Variation in full width half maximum (FWHM) of the photoluminescence
emission spectra measured as a function of temperature for 99.9999 % purity copper. The
measurements were made over a three week period for increasing temperatures (black), a
random order of temperatures (red) and decreasing temperatures (green). Data were
collected 3, 19 and 21 days after polishing for the decreasing, increasing and random order
temperatures respectively. The red line is displayed as a guide to the eye. An anomalous
point at 240 K in the increasing temperature run is not displayed on the graph. Typical

excitation powers were 55 mW.

5.5. Calculation of photoluminescence spectra

Figure 5.20 and Figure 5.21 present the photoluminescence emission spectra of
gold and copper calculated using equation (2.37) based on the work of Apell [64]. Data
for the refractive index, extinction coefficient and absorption coefficient were obtained

from the literature and density of states were calculated by Dr Stewart Clark using
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CASTEP software (Figure 5.17) [150, 170]. A comparison of measured and calculated
density of states data from the literature with the data calculated by Dr Stewart Clark for
this study is given in Figure 5.18 and Figure 5.19.

In Figure 5.20 the calculated spectrum and literature spectra are compared with
experimental data for 99.99 % and 99.999 % purity gold [9]. In Figure 5.21 the
calculated spectrum is compared with data from the literature and experimentally

measured spectra for 99.95 % and 99.9999 % purity copper.
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Figure 5.17. Calculated density of states as a function of energy for gold and copper.
Calculations were performed by Dr Stewart Clark using a molecular dynamics technique in

CASTEP software [170]. The Fermi energy is located at zero energy on the x axis scale.
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Figure 5.18. Comparison of the experimentally measured and calculated density of states of
gold in the literature with the calculated density of states by Dr Stewart Clark [62, 170-

177].
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Figure 5.19. Comparison of the experimentally measured and calculated density of states of
copper in the literature with the calculated density of states by Dr Stewart Clark [62, 170,

172, 176, 178, 179].
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Figure 5.20. Comparison of the normalised photoluminescence emission spectra of 99.999
% (open circles) and 99.99 % (squares) purity gold measured at 300 K, the spectrum as
measured by Mooradian (cross) [9] and the spectrum calculated using equation (2.37) (solid
line). The calculated spectrum uses data for the refractive index, extinction coefficient and
reflectivity from the CRC handbook of optical materials [150] and calculated density of

states data. The spectra are normalised to their peak photoluminescence emission intensity.

5.6. Discussion

The processes occurring during photoluminescence emission from gold and
copper have been discussed in detail in Chapter 2. The broad agreement between the
spectra measured for 99.999 % purity gold and 99.9999 % purity copper and those in the
literature and calculated using equation (2.37) (Figure 5.20 and Figure 5.21) suggests that
Apell’s model is broadly an explanation of the processes occurring for our samples [9,

10, 64].
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Figure 5.21. Comparison of the normalised photoluminescence emission spectra of 99.95 %
(open circles) and 99.9999 % (solid triangles) copper measured at 304 K, the spectrum as
measured by Mooradian (cross) [9] and the spectrum calculated using equation (2.37) (solid
line). The calculated spectrum uses data for the refractive index, extinction coefficient and
reflectivity from the CRC handbook of optical materials [150] and calculated density of

states data. The spectra are normalised to their peak photoluminescence emission intensity.

Room temperature data for Gold

A comparison between data in the literature and the calculated spectra for gold
show an agreement within 3 nm for the full width half maxima of the spectra [9]. The
offset in the peak photoluminescence emission wavelength for 99.999 % purity gold
relative to data in the literature is due to the onset of the dichroic Raman Razoredge filter
cut-off at 535 nm which also reduces the FWHM of the experimental spectra by 20 nm
relative to the calculated and literature data [9, 10].

Figure 5.4 shows strong evidence for the photoluminescence emission spectrum

of gold being that of the bulk sample. The shape of the emission spectrum of gold
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remains the same throughout the measurements and the photoluminescence emission
intensity does not change by more than 10 counts s (200 counts s* W) over the course
of 8 days’ measurements. This is consistent with the unreactive nature of gold as
discussed in chapter 2 [83, 84].

Spatially resolved measurements of 99.999 % purity gold showed an invariant
FWHM and peak photoluminescence emission wavelength across the sample surface.
However, the peak photoluminescence emission intensity varied by two orders of
magnitude across the surface (Figure 5.2). The change in peak intensity cannot be simply
explained. Surface contamination is ruled out as the source of the increase as the spectral
shape did not change. Enhancement of photoluminescence emission on roughened gold
and copper surfaces has been shown to increase luminescence emission intensities by an
order of magnitude. The enhancement can occur for samples with a roughness
approximately the same as the wavelength of the incident light but has only been
reported in the literature for samples with surface roughnesses two orders of magnitude
lower than the polished surface of the 99.999 % purity gold sample [10, 66]. Further
study of the microstructure of the sample surface may provide a clearer insight into the
possible source of the inhomogeneity in peak photoluminescence emission intensity. An
additional peak at 670 nm in the 99.99 % gold sample spectrum compared to the 99.999
% purity sample was observed at one position on the 99.99 % purity gold sample during
the spatially resolved measurements (Figure 5.20). The emission is attributed to
impurities, however, the chemical structure of the impurity cannot be identified without
the use of complimentary analytical techniques.

The gold sample displayed a linear relationship between peak photoluminescence
emission intensity and excitation power (Figure 5.3). This is consistent with the

theoretical work of Boyd (equation (2.33) in chapter 2) who states that for gold and
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copper samples, photoluminescence emission intensity is directly proportional to source

intensity [10].

Room temperature data for copper

Figure 5.21 shows good agreement between the wavelength of the peak
photoluminescence emission of 99.95 % and 99.9999 % purity copper and data in the
literature [9]. The difference between the peak emission wavelength of the calculated
spectrum and the experimental data for copper is most likely attributable to the
uncertainty in the calculated density of states where a small change in the onset energy of
the sp and d bands is squared then integrated.

The FWHM of the 99.95 % purity copper sample is 30 nm wider than the
99.9999 % purity sample (Figure 5.21). The additional width is attributed to the
convolution of photoluminescence emission peaks from impurities combined with the
emission from elemental copper.

The FWHM of our 99.9999 % purity copper spectrum and the calculated
spectrum agree to within 5 nm (Figure 5.21). The FWHM of the copper spectrum
measured by Mooradian is 40 nm narrower than the 99.9999 % purity sample [9].
According to Mooradian, ingots, single crystal slices and thin films all produced the
same photoluminescence emission spectra, indicating that sample form is not the reason
for the disparity between FWHM. Our data has shown that a narrower spectrum can be
attributed to a higher purity of sample. Mooradian does not state the composition of their
sample, however, it is unlikely that a sample with purity greater than 99.9999 % was
studied in their work. Our experimental data has shown that the measured spectrum of
copper broadens as a function of time which we attribute to oxidation of the sample

(Figure 5.11). In Figure 5.21 we have presented the spectra for the 99.9999 % purity
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copper sample measured 3 days after sample polishing as this was the narrowest FWHM,
and hence least oxidised, of the copper spectra measured in our study. Although the work
by Mooradian does not state the conditions of storage of their sample, they do not specify
any special precautions taken, and the samples in their study appear to have been subject
to the same storage conditions as our 99.9999 % purity sample. Therefore, the effect of
oxidation would be expected to be equivalent in the two studies. We therefore, cannot
explain the reason for the discrepancy in the FWHM between Mooradian’s data and our
99.9999 % purity data.

Over the course of the 22 days’ measurements the photoluminescence intensity of
the 600 nm peak in the copper spectrum increased at a more rapid rate than the 800 nm
peak (Figure 5.11). The increase in the intensity of the 600 nm peak is not consistent with
an increase due the convolution of the newly polished copper luminescence spectrum and
an increasing 800 nm peak. This leads us to the conclusion that the 800 nm peak
originates from an oxide on the sample surface and that the 600 nm peak has a large
component from an oxide layer [81, 82].

Spatially resolved measurements across the 99.9999 9% purity copper sample
surface were made 13 days after sample polishing and showed a broad similarity in the
overall spectral shape and good agreement for the peak photoluminescence emission
wavelength (Figure 5.9). The average variation in peak photoluminescence emission
intensity across the sample was ~70 %. FWHM varied by a maximum of 53 %
(excluding the spectrum at 1 mm). At 1 mm, a FWHM 141 % greater than the narrowest
FWHM (at 0 mm) was observed. Subtraction of the normalised spectrum at 0 mm from
the spectrum at 1 mm revealed a second peak centred around 800 nm. The spectral shape
was consistent with the spectrum observed 22 days after sample polishing which was

attributed to the formation of an oxide on the sample surface. Due to the measurement
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being made 13 days after polishing of the sample, we attribute the spectrum at 1 mm to
the formation of an inhomogeneous oxide layer on the copper surface.

Similar to the gold sample the copper sample displayed a linear relationship
between photoluminescence emission intensity and excitation power (Figure 5.10) which

is consistent with the theoretical work of Boyd (equation (2.33) in chapter 2) [10].

Oscillations in emission intensity for gold and copper over a period of hours

Peak photoluminescence emission intensity in both the 99.999 % purity gold and
99.9999 % purity copper samples oscillated over a period of several hours (Figure 5.5
and Figure 5.12). Spectral shape also varied over the course of the measurement but there
was no obvious relationship with the variation in intensity. There are no reports in the
literature of such a variation having been observed before. The possibility of the effect
being due to the experimental setup is eliminated as, under identical conditions, no
oscillations were observed in niobium, SnMoSg or YBCO (Chapter 6). Resistivity
measurements, which were highly sensitive to changes in temperature, did not show the
oscillation suggesting that thermal processes were not the source of the oscillation. The
observed period of oscillation was different at 3 K and 100 K for both samples, however,
a systematic study was not carried out to discover if the observed period of oscillation
was reproducible at each temperature.

Data in the literature of persistent photoconductivity report an initial decrease in
photoluminescence emission intensity over the course of several hours in oxygen
depleted cuprate superconductors which is on a similar timeframe to the decrease we
have observed [20, 126, 127]. However, they did not observe the oscillation we found for

both gold and copper. At present we have no explanation as to the processes occurring to
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create the oscillation in photoluminescence intensity over the course of several hours

under continuous sample excitation.

Temperature dependent measurements

A systematic study of photoluminescence emission from gold and copper as a
function of temperature has not been published in the literature. However, the work of
Mooradian presents individual measurements at 300 K and 10 K for gold and copper. A
decrease in peak photoluminescence emission wavelength from 520 nm to 500 nm is
stated for gold and from 593 nm to 580 nm for copper. FWHM is reported to decrease for
both gold and copper but a value is only given for gold where a decrease of 50 nm is
presented [9]. No indication is given by Mooradian as to the change in peak
photoluminescence emission intensity between 300 K and 10 K.

In our data, the peak photoluminescence emission wavelength of gold lay below
the cut off wavelength of the Raman Razoredge filter and hence no observations could be
made as to a change in the peak photoluminescence emission wavelength with
temperature between 300 K and 79 K. No shift in peak wavelength was observable for
copper. The FWHM of both gold and copper did not show a change as a function of
temperature greater the noise on the data. We conclude that the differences between
Mooradian’s observations and our data can be attributed to changes in
photoluminescence properties occurring below 79 K, which is below the range of our
measurements.

A reproducible increase in peak photoluminescence emission intensity of
approximately a factor of two was measured for the 99.999 % purity gold sample and a
factor of five for 99.9999 % purity copper sample between 300 K and 79 K (Figure 5.7

and Figure 5.15). The larger increase in peak photoluminescence intensity for copper
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compared to gold between 300 K and 79 K is consistent with the observation in the
literature of the broadening of the 2 eV peak in the absorption spectrum of copper as a
function of decreasing temperature which is not present for the corresponding 2.5 eV
peak in gold [79, 80]. No indication is given by Mooradian as to the change in peak
photoluminescence emission intensity between 300 K and 10 K and hence a comparison

could not be made as to the relative intensities observed in their study.

5.7. Conclusions

This chapter has presented the first systematic study of the photoluminescence
emission of gold and copper as a function of temperature between 300 K and 79 K along
with measurements as a function of position on the sample surface, excitation power and
time. A comparison has been made between measurements of high purity gold and
copper with experimental and theoretical work in the literature. Good agreement has been
found between these sets of data for gold and copper and the probable presence of an
oxide on the copper sample discussed. No explanation has been found for the origin of
variations in photoluminescence emission intensity and spectral shape as a function of
time.

Our study of the photoluminescence emission of gold and copper as a function of
temperature has shown a reproducible increase in peak photoluminescence emission
intensity of approximately a factor of two for 99.999 % purity gold and a factor of five
for 99.9999 % purity copper between 300 K and 79 K. Spectral shape (FWHM) and peak
photoluminescence emission wavelength showed no change as a function of temperature

for both gold and copper over the 220 K temperature range. The following chapter will
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extend the study of photoluminescence emission as a function of temperature to metallic

and ceramic superconducting samples.
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Chapter 6. Photoluminescence of superconducting

materials in the normal state

6.1. Introduction

Data in the literature on the photoluminescence emission from superconductors
gives conflicting results and interpretations for of the origin of the luminescence and the
influence of the superconducting transition on photoluminescence emission. Studies have
independently looked at emission from low temperature alloys (Nb3Sn and MgB,, [16-
18]) and a range of high temperature cuprate materials [13-15]. However, to date, there
has been no systematic study of emission from both low and high temperature
superconductors by one author, which would allow differences due to experimental
geometries to be eliminated from comparisons of the different classes of samples.

The following chapter presents data for low and high temperature
superconductors in their normal state measured as a function of temperature. Data are
given for spatially resolved measurements of the sample surfaces and the excitation
power and temperature dependence of the photoluminescence emission. The variation in
photoluminescence emission under continuous excitation over a period of hours is also
presented for a selection of the samples. The structure of the chapter is presented as
follows; in section 6.2. sample details are presented along with a brief summary of their
fabrication procedures. Section 6.3. includes the density of states data which have been

calculated for both the low and high temperature superconductors. The data have then
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been used to calculate photoluminescence emission spectra for all the samples studied in
this thesis. The calculated spectra have then been compared with experimentally
measured spectra.

Sections 6.4. 6.5. and 6.6. present data for the work on niobium, the Chevrel
phase superconductors (PbMosSg, SnMosSs, Pb.xGdxMosSg x = 0.3 and Sn; xEuxMogSs x
= 035) and the high temperature cuprate superconductors (DyBCO and YBCO). Spatially
resolved measurements from across the sample surface and the excitation power
dependence of the photoluminescence spectra are presented for all samples apart from
Pb; xGdxMosSs x = 0.3, where damage occurred to the sample surface upon application
of the laser. The peak photoluminescence emission intensity and FWHM are presented as
a function of temperature for niobium, PbMosSs, SnMosSg DyBCO and YBCO.
Measurements of photoluminescence emission spectra over a period of several hours are
presented for niobium, SnMosSs and YBCO. The effect of heating and roughening of the
polished niobium sample is also investigated to examine whether oxidation should be a
consideration in the analysis of the data. After the data for each material has been
presented, a comparison and discussion of relevant data in the literature is provided.
Finally, a general discussion of the data is presented in section 6.7. followed by

conclusions in section 6.8.

6.2. Samples

6.2.1. Sample purity and form

The purity and form of the samples measured using the high sensitivity

photoluminescence equipment are listed in Table 6.1. Fabrication of the Chevrel phase
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materials was carried out by Nigel Leigh in Durham. Detailed information on the
fabrication process can be found in references [180, 181]. Single crystal DyBCO and
YBCO were fabricated at Birmingham University and their structure confirmed to be
single crystal in measurements made at the ESRF Xray Synchrotron Facility in Grenoble,
France [182]. The thin film YBCO sample was fabricated at Cambridge University using
pulsed laser deposition in an off-axis geometry [183].

The single crystal cuprates were prepared by polishing down to 1 pm roughness
using liquid diamond paste (as detailed in Chapter 4) followed by cleaning using acetone
and isopropanol. Polishing of the niobium sample led to the photoluminescence emission
intensity decreasing below the limit of resolution of the detector and, as such, an
unpolished sample was used for the variable temperature measurements presented below.
The granular polycrystalline composition of the Chevrel phase materials meant that
polishing was ineffective, therefore, these samples were simply cleaned in acetone and
isopropanol before the measurement of the photoluminescence emission spectra. The thin
film YBCO sample was also only cleaned in isopropanol and acetone as its roughness
was already less than the minimum roughness achievable using diamond paste polishing.

Where possible, the samples were mounted directly to the copper sample holder
in the cryostat using Apiezon N grease. However, in the case of PbMo¢Sg, Sn;_xEuxMogSg
x = (.35 and the YBCO single crystal, the sample sizes were small and required a silicon
wafer to be placed between the sample and sample holder to prevent the excitation of

photoluminescence emission from the copper sample holder itself.
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Sample purity Form Supplier

Nb Single crystal ~ Sigma-Aldrich

PbMogSs Polycrystalline Fabricated in Durham [180, 181]
SnMogSg Polycrystalline Fabricated in Durham[180, 181]
Pb;xGdMoeSg x = 0.3 Polycrystalline Fabricated in Durham [180, 181]
Sn;xEuxMo¢Sg x = 0.35  Polycrystalline  Fabricated in Durham [180, 181]

DyBCO
YBCO

YBCO

Single crystal
Single crystal

Thin film

Fabricated by Birmingham University[182]
Fabricated by Birmingham University[182]

Fabricated by Cambridge University [183]

Table 6.1. Summary of the form of the elemental, Chevrel phase and cuprate

superconductor samples and their suppliers.

6.3. Theoretical calculation of density of states

The density of states spectra for niobium, PbMosSs, SnMoeSg, DyBCO and

YBCO were calculated by Dr Stewart Clark using CASTEP software (Figure 6.1 and

Figure 6.2) [170]. These data have been used along with the refractive index, extinction

coefficient and absorption coefficient data presented in Chapter 3 to calculate the

photoluminescence emission spectra for the samples. A comparison of the calculated

spectra and experimentally measured data is given at the end of sections 6.4.1. to 6.6.2.

for niobium, PbMosSs, SnMogSs, DyBCO and YBCO, respectively.
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Figure 6.1 Calculated density of states as a function of energy for niobium, PbMogSs,
SnMo¢Ss, DyBCO and YBCO. Calculations were performed by Dr Stewart Clark using

CASTEP software [170]. The Fermi energy is located at zero energy on the x axis scale.
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Figure 6.2 Normalised density of states as a function of energy for niobium, PbMogSs,
SnMogSs, DyBCO and YBCO. Data is normalised to the peak density of states in the energy
range -4 eV to +4 eV. Calculations were performed by Dr Stewart Clark using CASTEP

software [170]. The Fermi energy is located at zero energy on the x axis scale.
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A comparison between the calculated density of states of niobium and data from
the literature is given in Figure 6.3 in the energy range +/- 3 eV from the Fermi energy
[97, 184]. This energy range is important as it is the region probed by optical transitions.
The three spectra compare extremely well in this region, however, only calculated
density of states and no experimental data were available in the literature for comparison.
Data for the density of states as a function of energy close to the Fermi level were not
available in the literature for comparison with the CASTEP data for the Chevrel phase

and high temperature cuprate superconductor materials.
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Figure 6.3. Comparison of the calculated density of states of niobium in the literature with

the calculated density of states by Dr Stewart Clark [97, 184]
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6.4. Niobium

6.4.1. Niobium — Experimental results

Spatially resolved measurements across the sample surface

Figure 6.4 shows the spatially resolved photoluminescence emission spectra of
99.99 % purity single crystal niobium. Measurements were made in 1 mm intervals along
the horizontal direction across the vertical middle of the sample. The inset figure shows

the normalised photoluminescence emission spectra.
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Figure 6.4 Photoluminescence emission spectra of 99.99 % purity single crystal niobium
measured at different positions horizontally across the sample surface. The inset graph
shows the normalised photoluminescence emission spectra. Measurements were made along
the horizontal direction at 1mm intervals in one of three vertical positions (top, middle,
bottom). The spectra were measured in the middle vertical position. The edge of the sample
was at 0 mm and 6 mm. At 6 mm the laser spot was located on both the silicon and sample.

Typical photoluminescence excitation power was 51 mW.
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Excitation power dependence

Figure 6.5 displays the normalised photoluminescence emission spectra of 99.99
% single crystal niobium measured as a function of excitation power. The excitation
power of the laser was manually increased from 0 to 102 mW before decreasing the
power back to 55 mW. Measurement of excitation power was carried out using a
handheld Melles Griot laser power meter which was positioned between the final

focussing lens and the cryostat window.
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Figure 6.5. The normalised photoluminescence emission spectra of 99.99 % purity single
crystal niobium measured for increasing excitation powers at 304 K. The inset graph shows
the peak photoluminescence emission intensity as a function of excitation power. Laser
power was manually increased from 0 to 102 mW before the power was reduced and the

measurement at 55 mW repeated.
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Variation of photoluminescence spectra over a period of hours

Figure 6.6 shows a selection of seven normalised photoluminescence emission
spectra taken at three minute intervals over a 13 hour period at 101 K. The inset graph
shows the variation in peak photoluminescence emission intensity over this period. The
first measurement was made immediately after the focussed laser spot had been

repositioned on the sample.
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Figure 6.6. The normalised photoluminescence emission spectra of 99.99 % purity single
crystal niobium measured over a 12 hour period. Each spectrum was measured at 101 K in
3 minute intervals. The main graph shows 7 normalised spectra measured at various times
throughout the 12 hour period. The inset graph shows the change in the peak
photoluminescence emission intensity (in counts s’ W) as a function of time. Typical

photoluminescence excitation power was 51 mW.
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Oxidation

In order to investigate the possibility that an oxide was present on the surface of
the niobium samples, two identical sections of 99.99 % single crystal niobium were
prepared using a diamond saw. A measurement of the photoluminescence emission
spectrum was made of one of the sections before the sample was polished to 1 pm
roughness using a polishing and lapping machine. A comparison of the pre- and post-
polishing photoluminescence emission spectra showed a decrease in peak
photoluminescence emission intensity from approximately 56 counts s™ (1100 counts s
W) to less than 2 count s (< 40 counts s* W) (Figure 5.1). The count rate of 2 counts
s was at the noise floor of the detector and hence a spectrum could not be resolved to
any degree of accuracy. A repeat of the measurement on the polished sample after 20
weeks showed the intensity of the photoluminescence emission spectrum to still be below

the resolution of the detector.
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Figure 6.7. Photoluminescence emission spectra of niobium before and after polishing. Post
polishing measurements were made with the cryostat window in place in the optical setup.

Measurements were made within 24 hours of polishing. Typical photoluminescence

excitation power was 51 mW.
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The polished sample was then roughened using 1200 grade abrasive paper and
cleaned in acetone and isopropanol in an ultrasonic bath. Figure 6.8 shows the pre- and
post-polishing photoluminescence emission spectra along with the emission spectrum for
the roughened sample. The peak photoluminescence emission intensity can be seen to
have increased from < 2 count s (20 counts s W) to ~9 counts s™ (178 counts s W™).
The sample was then heated on a hot plate at 200 °C for 30 minutes leading to a further

increase in peak photoluminescence intensity to ~100 counts s™ (1960 counts s W™).
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Figure 6.8. Photoluminescence emission spectra of 99.99 % purity single crystal niobium
pre- and post-polishing and after roughening and heating. Polishing was carried out down
to 1 pm diamond paste, the sample was then roughened using 1200 grade abrasive paper
and cleaned with acetone and isopropanol. The roughened sample was then heated on a

hotplate at 200°C for 30 minutes. Typical photoluminescence excitation power was 51 mW.
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Due to the peak photoluminescence emission intensity of the polished sample
lying below the resolution of the detector, all measurements presented for the niobium
sample in this thesis were made on the second unpolished diamond saw cut section of

99.99 % purity single crystal niobium.

Temperature dependent measurements
The photoluminescence emission spectra of 99.99 % purity niobium measured as
a function of temperature are presented below. Measurements were made for increasing,

decreasing and a random order of temperatures. Figure 6.9 shows the photoluminescence
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Figure 6.9. Photoluminescence emission spectra of 99.99 % purity single crystal niobium
measured as a function of temperature. Spectra were collected for decreasing temperatures
beginning at 304 K. The inset graph shows the normalised spectra. All spectra were
measured after a 30 minute period which began once the sample had been repositioned at
the set temperature to correct for thermal contraction of the sample holder. Typical

photoluminescence excitation powers were 51 mW.

189



emission spectra measured for decreasing temperatures between 297 K and 84 K.
Measurements were made 30 minutes after the sample had been repositioned to account
for thermal contraction of the sample holder.

Peak photoluminescence emission intensity measured as a function of
temperature is shown in Figure 6.10. The peak emission intensity is shown normalised to
1 at 110 K in Figure 6.11. The inset graph in Figure 6.11 shows the temperature region
below 115 K in detail. The sharp increase in peak intensity below 100 K was
reproducible in all measurements and was independent of the order of the measurement
temperature. The full width half maximum of the photoluminescence emission spectra of

99.99 % single crystal niobium measured as a function of temperature is shown in Figure

6.12.
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Figure 6.10. Peak photoluminescence emission intensity measured as a function of
temperature for 99.99 % purity single crystal niobium. The measurements were made over
a six day period for increasing (red), decreasing (black and blue) and a random order of

temperatures (green). Typical photoluminescence excitation powers were 51 mW.
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Figure 6.11. The peak photoluminescence emission intensity of 99.99 % purity single crystal
niobium measured as a function of temperature and normalised to 1 at 110 K. The
measurements were made over a six day period for increasing (red), decreasing (black and
blue) and a random order of temperatures (green). Typical photoluminescence excitation

powers were 51 mW.
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Figure 6.12. Full width half maximum (FWHM) of the photoluminescence emission spectra
of 99.99 % purity single crystal niobium measured as a function of temperature. The
measurements were made over a six day period for increasing (red), decreasing (black and
blue) and a random order of temperatures (green). Typical photoluminescence excitation

powers were 51 mW. The red line is displayed as a guide to the eye.

6.4.2. Niobium — Analysis and discussion

Niobium band structure

The band structure of niobium consists of widely spaced d-bands and hybridised
sp-bands. This is similar to the band structure observed in gold and copper. However, the
d-bands of niobium are more widely spaced and are only partially filled, unlike the filled
bands of gold and copper [96, 97]. Transitions between the 3™ and 4™ d-bands lead to a

peak in the absorption spectrum of niobium at 2.2 eV [96].
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Although there is no work in the literature measuring the photoluminescence
emission from niobium, comparisons can be drawn with materials with similar band
structures. Tominaga asserts that the mechanism for photoluminescence in the
superconducting alloy Nb3;Sn can be assigned to transitions between d-holes and
electrons below the Fermi surface due to the similarity between the band structure of the
gold and copper and Nbs;Sn. Applying the same principle to niobium, suggests that a

peak should therefore be observed at 2.2 eV (563 eV).

Room temperature data for niobium

The peak photoluminescence emission wavelength of niobium was measured at
625 nm. Spatially resolved measurements of the photoluminescence emission spectra of
niobium showed a peak photoluminescence emission intensity which varied by less than
100 counts s (2000 counts s W) across the surface (Figure 6.4) and a change in
FWHM of 26 nm (~18 %). The small changes in the photoluminescence emission spectra
are thought to be caused by scattering from the macroscopic roughness of the sample
surface directing light into the spectrometer at slightly different angles, changing the
relative intensity of the measured spectra. The linear dependence of the
photoluminescence emission intensity with excitation power is consistent with a single

photon excitation and emission process (Figure 6.5) [10].

Temperature dependent measurements for niobium

Between 304 K and 80 K the FWHM decreased by approximately 15 nm (Figure
6.12). The peak photoluminescence emission wavelength remained constant as a
function of temperature (Figure 6.9), however, a reproducible increase in the peak

photoluminescence emission intensity by a factor of two was measured for the 99.99 %
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purity niobium sample between 304 K and 95 K (Figure 6.10, Figure 6.11). Below 95 K
a sharp increase in peak photoluminescence emission intensity was observed, which will
be discussed in section 6.7.

No work has been published in literature for the photoluminescence emission
spectrum of niobium at room temperature or as a function of temperature. The
photoluminescence emission intensity from Nb;Sn between room temperature and 5 K
has been measured by Tominaga and is reported to be almost constant down to
approximately 25 K where there is a decrease then rapid increase in the
photoluminescence intensity at the superconducting critical temperature (Figure 2.15)

[16].

Oxidation of the sample surface

The fact that no photoluminescence emission spectrum could be measured for the
newly polished niobium sample suggests that the emission spectrum from the pre-
polished sample was due to an oxide on the sample surface (Figure 5.1). This is
supported by the increase in peak photoluminescence emission intensity following
roughening and heating of the sample (Figure 6.8). The similarity between the spectral
shape of the roughened sample and the heated sample suggests that the increase in the
luminescence intensity of the roughened sample was not due to the damage caused to the
sample surface by roughening but to the beginning of the oxidation process.

The difference between the photoluminescence emission spectra of the pre-
polished diamond saw cut sample and the same sample after polishing, roughening and
heating is most likely due to the presence of oxides formed under different conditions
(one from the heat of the cutting process and the other from heating on a hot plate) [185-

187]. The photoluminescence emission spectrum of the niobium sample measured in this
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work is therefore assumed to originate from an oxide layer on the surface of the sample

and not from pure niobium.

Calculated spectra

Figure 6.13 shows a comparison between the measured photoluminescence
emission spectrum of 99.99 % single crystal niobium and the spectrum calculated using
equation (2.37). The calculated spectrum contains two peaks at approximately 550 nm
and 900 nm which do not correspond to the single peak at 625 nm in the experimental

spectrum.
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Figure 6.13 Comparison of the normalised room temperature photoluminescence emission
spectra of niobium and the photoluminescence emission spectrum calculated using equation
(2.37). The calculated spectrum used data for the refractive index and extinction coefficient

from reference [150] and density of states calculated by Dr Stewart Clark.
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As discussed above, the photoluminescence emission spectrum measured for
niobium most likely originates from an oxide on the sample surface. Since the calculation
uses density of states and optical data for pure niobium, the calculated spectrum is not

representative of this sample.

6.5. Chevrel phase materials

6.5.1. Chevrel phase PbMo4Ss

Spatially resolved measurements across the sample surface

Figure 6.14 shows the spatially resolved photoluminescence emission spectra of
PbMosSs measured at 1 mm intervals across the sample surface. Spectra were measured
in one of three vertical positions (top, middle and bottom) and data are shown for
measurements made in the middle position. The inset figure shows the normalised

photoluminescence emission spectra.

Excitation power dependence

Figure 6.15 presents the normalised photoluminescence emission spectra of
PbMosSs measured as a function of photoluminescence excitation power. Excitation
power was manually increased from 70 mW to 131 mW and was measured using a
Melles Griot handheld power meter positioned between the final focussing lens and the
cryostat window. The inset figure shows the relationship between photoluminescence

peak intensity and excitation power.
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Figure 6.14 Photoluminescence emission spectra of polycrystalline PbMosSs measured at
different positions across the sample surface. The inset graph shows the normalised
photoluminescence emission spectra. Measurements were made along the horizontal
direction at 1 mm intervals in one of three vertical positions (top, middle, bottom). The
spectra displayed are measured in the middle vertical position. The edge of the sample was
at 0 mm and 5S mm. At 0 mm and 5 mm the laser spot was on both the silicon and the edge

of the sample. Typical photoluminescence excitation powers were 65 mW.
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Figure 6.15. The normalised photoluminescence emission spectra of polycrystalline
PbMo¢Ss measured for increasing excitation powers at 79 K. The inset graph shows the
peak photoluminescence emission intensity as a function of excitation power. Laser power

was manually increased from 70 to 131 mW.

Temperature dependent measurements

Figure 6.16 shows the photoluminescence emission spectra of PbMogSg measured
as a function of decreasing temperature between 304 K and 72 K. Spectra were measured
after a 30 minute wait which began once the sample had been repositioned to account for

thermal contraction of the sample holder.

198



8 1.0]

. 4.0 ] I I Y Temperature
D o~ £ 72K
g 7 ZANE Y
= / \ 5™ 73K
S ‘_; 30 ] \ £ o2 75K
2> 55 \ E ool % 79K
IS ‘0 . \.\ z 500 GOEE)Ve e7nOO T?T:O 900 85 K
5 o | \ Wavelength (nm) R —

35 20 120K
& S ] ——— 148K
?5 154 ——— 161K
2% ] 171K
E™ 10- 207K
S ] —— 235K
2 0.5 ——— 272K
a . . ——— 304K

0.0 — T T T T T T
500 600 700 800 900 1000

Wavelength (nm)

Figure 6.16. Photoluminescence emission spectra of polycrystalline PbMosSs measured as a
function of temperature. Spectra were collected for decreasing temperatures between 304 K
and 72 K. The inset graph shows the normalised spectra. All spectra were measured after a
30 minute period which began once the sample had been repositioned to correct for thermal

contraction. Typical photoluminescence excitation powers were 65 mW.

Figure 6.17 and Figure 6.18 show the peak photoluminescence emission intensity
measured as a function of temperature. In Figure 6.18 the intensity has been normalised
to 1 at 79 K. The inset graph in both figures shows the region of rapid increased between
71 K and 78 K in detail. Measurements were made as a function of increasing, decreasing
and a random order of temperatures. The rapid increase in photoluminescence intensity
below 73 K was a reproducible feature which was observed even when a random order of

temperatures was investigated.
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Figure 6.17. Peak photoluminescence emission intensity as a function of temperature for
polycrystalline PbMosSs. The measurements were made over a seven day period for
decreasing (black), increasing (red and blue) and a random order of temperatures (green).

Typical photoluminescence excitation powers were 65 mW.
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Figure 6.18. Normalised peak photoluminescence emission intensity of polycrystalline
PbMoSs measured as a function of temperature and normalised to 1 at 79 K. The
measurements were made over a seven day period for decreasing (black), increasing (red
and blue) and a random order of temperatures (green). Typical photoluminescence

excitation powers were 65 mW.

The FWHM of PbMo¢Ss measured as a function of temperature is shown in
Figure 6.19. Measurements were made for increasing, decreasing and a random order of

temperatures.
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Figure 6.19. Variation in full width half maximum (FWHM) of the photoluminescence
emission spectra of polycrystalline PbMosSs measured as a function of temperature. The
measurements were made over a seven day period for decreasing (black), increasing (red)
and a random order of temperatures (green). The red line is displayed as a guide to the eye.

Typical photoluminescence excitation powers were 65 mW.

6.5.2. Chevrel phase SnMo¢Sg

Spatially resolved measurements across the sample surface

Figure 6.20 presents the spatially resolved photoluminescence emission spectra of
SnMosSg. Measurements were made at 1 mm intervals across the sample surface in a
horizontal direction in one of three vertical positions (top, middle and bottom). The data
displayed here were measured across the bottom position. The inset figure shows the
normalised photoluminescence emission spectra. Measurements close to the edge of the
sample showed evidence of luminescence from Apiezon N grease. Therefore, for all

further measurements, spectra were excited from close to the centre of the sample.
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Figure 6.20 Photoluminescence emission spectra of polycrystalline SnMo¢Sg measured at
different positions across the sample surface. The inset graph shows the normalised
photoluminescence emission spectra. Measurements were made along the horizontal
direction at Imm intervals in one of two vertical positions. The spectra displayed are
measured across the bottom of the sample. At 0 mm and 5 mm the laser spot was on both
the silicon and edge of the sample. Typical photoluminescence excitation powers were 65

mWw.

Excitation power dependence

Figure 6.21 shows the normalised photoluminescence emission spectra of
SnMosSg measured as a function of laser excitation power. Laser power was manually
increased from 72 mW to 139 mW and power measured between the final focussing lens
and the cryostat window using a handheld Melles Griot power meter. The inset figure

shows peak photoluminescence emission intensity as a function of excitation power.
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Figure 6.21. The normalised photoluminescence emission spectra of polycrystalline
SnMoSs measured for increasing excitation powers at 76 K. The inset graph shows the
peak photoluminescence emission intensity as a function of excitation power. Laser power

was manually increased from 72 to 139 mW.

Variation of photoluminescence emission spectra over a period of hours

A selection of seven photoluminescence emission spectra measured over a 90
minute period at 72 K are shown in Figure 6.22. Spectra were recorded in three minute
intervals and the inset graph shows the variation in peak photoluminescence emission
intensity over the 90 minute period. The first measurement was made as the laser was
repositioned on the sample surface. The position remained unchanged until the end of the

run.
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Figure 6.22. The photoluminescence emission spectra of polycrystalline SnMosSs measured
over a 90 minute period. Each spectrum was measured at 72 K in 3 minute intervals. The
main graph shows 7 normalised spectra measured at various times throughout the 90
minute period. The inset graph shows the change in the peak photoluminescence emission
intensity (in counts s’ W) as a function of time. Typical photoluminescence excitation

powers were 70 mW.

Temperature dependent measurements

Figure 6.23 and Figure 6.24 show the photoluminescence emission spectra of
SnMo¢Ss as a function of decreasing and increasing temperature, respectively. Spectra
were measured 30 minutes after the sample had been realigned to correct for thermal
contraction of the sample holder. In both cases, data were collected between 72 K and
304 K. Figure 6.24 shows the presence of a strong peak at 580 nm at 72 K which is not

present in the spectra in Figure 6.23.
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Figure 6.23. Photoluminescence emission spectra of polycrystalline SnMo,Sg measured as a
function of temperature. Spectra were collected for decreasing temperatures beginning at
304 K. The inset graph shows the normalised spectra. All spectra were measured after a 30
minute period which began once the sample had been repositioned to correct for thermal

contraction. Typical photoluminescence excitation powers were 70 mW.
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Figure 6.24. Photoluminescence emission spectra of polycrystalline SnMo¢Sg measured as a
function of temperature. Spectra were collected for increasing temperatures between 3 K
and 304 K. All spectra were measured after a 30 minute period which began once the
sample had been repositioned to correct for thermal contraction. Typical

photoluminescence excitation powers were 65 mW.

An increase in peak photoluminescence emission intensity by a factor of two is
measured between 300 K and 80 K in Figure 6.25 and Figure 6.26. Below 80 K, a sharp
increase in the peak photoluminescence emission intensity of over 100 % is observed for
the decreasing and increasing temperature runs. However, the increase is not observed in

the random order temperature measurement.
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Figure 6.25. Photoluminescence emission intensity of the 630 nm peak as a function of
temperature for polycrystalline SnMosSs. The measurements were made over a five day
period for decreasing (black), increasing (red) and a random order of temperatures (green

and blue). Typical photoluminescence excitation powers were 70 mW.
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Figure 6.26. The normalised peak photoluminescence emission intensity of polycrystalline
SnMo¢Ss measured as a function of temperature and normalised to 1 at 304 K. The
measurements were made over a five day period for decreasing (black), increasing (red)
and a random order of temperatures (green and blue). Typical photoluminescence

excitation powers were 70 mW.

Figure 6.27 presents data for the FWHM of SnMogSs measured for increasing,
decreasing and a random order of temperatures. The decreasing (black), increasing (red)
and one of two random order temperature measurements (blue) show a decrease in
FWHM of 80 nm, 55 nm and 75 nm respectively, between 304 K and 72 K. However,
the second random order temperature measurement (green) contradicts these
measurements and shows an increase in FWHM of approximately 30 nm with decreasing

temperature.
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Figure 6.27. Variation in full width half maximum (FWHM) of the photoluminescence
emission spectra measured as a function of temperature for polycrystalline SnMogSs. The
measurements were made over a five day period for decreasing (black), increasing (red)
and a random order of temperatures (green and blue). Typical photoluminescence

excitation powers were 70 mW.

6.5.3. Chevrel phase Sn; Eu,Mo¢Sg x = 0.35 and Pb,,GdMo¢Sg x = 0.3

Spatially resolved measurements across the sample surface - Sn; Eu.MogSs x = 0.35
Figure 6.28 shows spatially resolved measurements of Sn;<EuyMosSg x = 0.35.
Measurements were made at 1 mm intervals across the sample surface in the top of three
vertical positions on the sample (top, middle, bottom). Since the dimensions of the
sample were small, the luminescence excited from the Apiezon N grease mounting the
sample was observable as a contribution to the photoluminescence emission spectrum of

the sample at all positions.
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Figure 6.28 Photoluminescence emission spectra of polycrystalline Sn;\Eu,Mo¢Ss x = 0.35
measured at different positions across the sample surface. Measurements were made along
the horizontal direction at 1Imm intervals in one of three vertical positions (top, middle,
bottom). The spectra displayed are measured in the top vertical position. The edge of the
sample was at 0 mm and 5 mm. At 5 mm the laser spot was on both the silicon and sample.

Typical photoluminescence excitation powers were 70 mW.

Excitation power dependence - Sn; Eu.MosSs x = 0.35

Figure 6.29 presents the photoluminescence emission spectrum of Sn;_yEuyMoSs
x = 0.35 as a function of excitation power. Measurements were made in the centre of the
sample (3 mm position in Figure 6.28). Laser power was manually increased from 70
mW to 100 mW before being reduced back to 70 mW. The measurement was carried out

to identify if damage occurred to the sample under application of the laser. The inset
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Figure 6.29. Photoluminescence emission spectra of polycrystalline Sn;.\Eu,Mo0¢Ss x = 0.35
measured for increasing excitation powers at 304 K. The inset graph shows the peak
photoluminescence emission intensity as a function of excitation power. Laser power was
manually increased from 70 to 100 mW before the power was reduced and the

measurement at 70 mW repeated.

figure shows the peak photoluminescence emission intensity as a function of excitation
power.

The conclusion from the analysis of the spatially resolved measurements and
measurements as a function of excitation power was that a reliable set of data could not
be measured from the Sn; (EuiMosSs x = 0.35 sample (Figure 6.28 and Figure 6.29).
This was due to the small size of the sample which led to difficulties in positioning the
laser spot away from areas affected by Apiezon N grease and the apparent damage
occurring under excitation by the laser. Therefore, no further measurements were made
on this sample.
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Room temperature spectrum - Pb; ,GdMosSs x = 0.3

The photoluminescence emission spectrum of Pb; GdxMogSg x = 0.3 measured at
304 K is shown in Figure 6.30. This was the only spectrum measured for this sample as
observations during preliminary measurements using the alignment camera showed the
emission of a ‘smoke-like’ substance from the sample surface and a dark mark on the
sample surface when laser illumination was removed. The ‘smoke’ led to problems with
the collection of photoluminescence emission spectra and therefore no further
measurements were made on the sample. No explanation has been found as to why the
Pb; xGdxMosSs x = 0.3 sample exhibited such different behaviour to the other Chevrel

phase samples despite identical preparation, storage and excitation conditions.

Photoluminescence emission intensity
(x 10° counts s" W)
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Figure 6.30 Photoluminescence emission spectrum of polycrystalline Pb, ,Gd,MosSs x = 0.3

measured at 304 K. Photoluminescence excitation power was 70 mW.
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6.5.4. Chevrel phase materials — Analysis and discussion

Unfortunately, the origin of photoluminescence emission in the Chevrel phase
materials is at present unconfirmed. It is likely that the primary contribution to
photoluminescence emission is from transitions between the Sgp to Mogd states as these
are the primary processes contributing to the absorption spectrum in this energy range
[99, 102]. However, further study using computational calculations should be conducted

to confirm this.

Room temperature data for the Chevrel phase materials

Spatially resolved measurements of PbMosSg showed a homogeneous sample
surface with a peak photoluminescence emission wavelength at 615 nm, an almost
constant spectral shape and a peak photoluminescence emission intensity which varied by
~50 counts s (~770 counts s’ W) (Figure 6.14). In contrast, spatially resolved
measurements of SnMoeSg showed photoluminescence emission spectra attributable to
Apiezon N grease in all but the centre of the sample (Figure 6.20). Measurements as a
function of temperature were therefore made only in this central location. Both the
PbMosSg and SnMoeSg samples showed a linear dependence of photoluminescence
emission intensity on excitation power (Figure 6.15, Figure 6.21).

The Sn;xEuxMo¢Sg x = 0.35 doped sample showed a decrease in
photoluminescence emission intensity of 8.8 counts s at 70 mW excitation power (125
counts s W) after the sample had been exposed to 100 mW excitation power. Due to
the change in sample properties under laser excitation and the difficulty of finding a
location on the small sample uncontaminated by Apiezon N grease, it was decided not to

make any further measurements on this sample. Damage was also observed for the Pb;.
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xGdxMoeSs x = 0.3 sample. In this case, the ‘smoke-like’ residue emitted from the sample

under laser illumination meant that reproducible measurements could not be achieved.

Temperature dependent measurements for the Chevrel phase materials

FWHM decreased by 20 nm with decreasing temperature between 300 K and 70
K in PbMoeSg (Figure 6.19) with peak photoluminescence emission wavelength
remaining constant across the whole temperature range. An increase by a factor of 1.5 in
peak photoluminescence emission intensity was measured as a function of decreasing
temperature between 300 K and 80 K (Figure 6.17, Figure 6.18). Between 80 K and 70 K
a reproducible increase in peak photoluminescence emission intensity by a factor of four
was observed.

Measurements of the FWHM of SnMogSg as a function of temperature were
inconclusive (Figure 6.27). Three out of the four measurements showed a decrease in
FWHM with temperature with the fourth measurement showing an increase. The
contradiction between the FWHM can be explained by the higher relative intensity of the
730 nm peak to the main emission peak in the spectrum of the anomalous random order
measurement. In the spectra where the FWHM decreased as a function of temperature,
the intensity of the 730 nm peak was approximately 50 % of the intensity of the main
peak photoluminescence intensity. In the random order temperature measurement which
showed and increase in FWHM, the 730 nm peak had an intensity which was up to 80 %
of the main peak intensity. The 730 nm peak also showed a different dependence upon
temperature to the main luminescence peak in this measurement and it was this
dependence which dominated the value of FWHM. The 730 nm peak is thought to
originate from an impurity on the sample surface with the relative intensity of the

impurity peak determined by the distance of the excitation spot from the impurity.
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The peak photoluminescence emission intensity of SnMoeSg showed a factor of
two increase in intensity as a function of decreasing temperature between 300 K and 80
K (Figure 6.25, Figure 6.26). Peak photoluminescence emission wavelength was
observed not to change over this region. Below this temperature, the peak
photoluminescence  emission intensity rapidly increased with the peak
photoluminescence emission wavelength shifting from the 630 nm peak to a peak at 580
nm (Figure 6.33). The region of increasing intensity below 80 K will be discussed in

more detail in section 6.7.

Reliability of data

Photoluminescence emission measurements of PbMosSs have shown reproducible
results with consistent spectra measured at all positions across the sample surface and as
a function of temperature.

Reproducibility of data for the measurements on SnMosSs, Sn; xEuxMogSg x =
0.35 and Gd;xGdxMosSg x = 0.3 was poor. Damage to the rare-earth doped Chevrel
phase samples under laser illumination meant that a reliable data could not be collected
for these materials. For the SnMo¢Sg sample, the presence of an impurity peak combined
with the difficulty in locating an area not contaminated by Apiezon N grease meant that

data from this sample could not be considered to be reliable.

Calculated photoluminescence emission spectra
Figure 6.31 and Figure 6.32 show a comparison between the measured and
calculated photoluminescence emission spectra for PbMoeSg and SnMogSs, respectively.

Both calculations fail to reproduce any of the features observed in the measured spectra.

216



The discrepancy between the measured and calculated spectra could be due to failings in
the model upon which equation (2.37) is based. The model only takes into account the
density of states below the Fermi level. In the case of gold and copper (for which the
model was designed) the density of states above the Fermi energy is low and invariant
and a model for their photoluminescence emission would not require consideration of
changes in the density of states in this region. However, in the Chevrel phase materials
the density of states is high in the region > 1eV above the Fermi energy. The model also
assumes the relaxation of excited electrons to the Fermi level before recombination. This
is not possible in the Chevrel phase materials due to a gap in the density of states 0.5 — 1

eV above the Fermi level.
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Figure 6.31 Comparison of the normalised room temperature photoluminescence emission
spectra of PbMo¢Ss and the photoluminescence emission spectrum calculated using
equation (2.37). The calculated spectrum used data for the refractive index and extinction
coefficient measured using the J.A Woollam elipsometer and density of states calculated by
Dr Stewart Clark.
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Figure 6.32 Comparison of the normalised room temperature photoluminescence emission
spectra of SnMoeSs and the photoluminescence emission spectrum calculated using
equation (2.37). The calculated spectrum used data for the refractive index and extinction
coefficient measured using the J.A Woollam elipsometer and density of states calculated by

Dr Stewart Clark
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6.6. Photoluminescence of high temperature superconductors

The following section presents data for photoluminescence emission spectra of
the high temperature cuprate superconductors; DyBCO and YBCO. These materials are
of interest due to their high superconducting transition temperatures and stable oxide
chemical structures.

Spatially resolved photoluminescence emission spectra are presented along with
measurements made as a function of excitation power and temperature. Data is also given
for the excitation power dependence of photoluminescence emission of a thin film of
YBCO and its spectrum compared with that of the single crystal YBCO sample.

Sample preparation for the DyBCO single crystal sample included the sample
being cleaved and polished before cleaning in acetone and isopropanol. The YBCO
sample was not cleaved but did go through the polishing and cleaning process. The thin

film sample was only subjected to the final cleaning process.

6.6.1. Single crystal DyBCO

Spatially resolved measurements across the sample surface

Figure 6.33 presents data for spatially resolved photoluminescence emission
spectra of DyBCO measured in 1 mm increments across the sample surface. Spectra are
displayed for measurements in the top vertical position on the sample. Data was also
measured in the bottom and middle position on the sample but are not shown here. The
main graph shows the normalised photoluminescence emission spectra with the inset

graph showing the spectra in counts s* W™
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Figure 6.33 Normalised photoluminescence emission spectra of single crystal DyBCO
measured at different positions across the sample surface. The inset graph shows the
photoluminescence emission spectra in counts s’ W'. Measurements were made along the
horizontal direction at 1mm intervals in one of three vertical positions (top, middle,
bottom). The spectra displayed are measured in the top vertical position. The edge of the
sample was at 0 mm and 5 mm. At 5 mm the laser spot was on both the silicon and sample.

Typical photoluminescence excitation powers were 72 mW.

Excitation power dependence

Figure 6.34 shows the photoluminescence emission spectrum of DyBCO
measured as a function of excitation power. Excitation power was manually increased
from 72 mW to 140 mW and power measured between the final focussing lens and the
cryostat window using a handheld Melles Griot power meter. The inset graph shows peak

photoluminescence intensity as a function of excitation power.
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Figure 6.34. Photoluminescence emission spectra of single crystal DyBCO measured for
increasing excitation powers at 304 K. The inset graph shows the peak photoluminescence
emission intensity as a function of excitation power. Laser power was manually increased

from 74 to 140 mW.

Temperature dependent measurements

Figure 6.35 presents the photoluminescence emission spectrum of DyBCO as a
function of decreasing temperature between 296 K and 124 K. Measurements were made
after a 30 minute wait commencing once the sample had been repositioned to correct for

thermal contraction of the sample holder.
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Figure 6.35. Photoluminescence emission spectra of single crystal DyBCO measured as a
function of temperature. Spectra were collected for decreasing temperatures between 296 K
and 124 K. All spectra were measured after a 30 minute period which began once the
sample had been repositioned to correct for thermal contraction. Typical

photoluminescence excitation powers were 72 mW.

Figure 6.36 shows the peak photoluminescence emission intensity as a function of
temperature for DyBCO. Figure 6.37 shows the normalised peak intensity as a function
of increasing, decreasing and a random order of temperatures. Measurements were made
over a nine day period. The inset graph in Figure 6.36 plots the increase in peak

photoluminescence emission intensity at 124 K over the nine day period.
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Figure 6.36. Peak photoluminescence emission intensity as a function of temperature for

single crystal DyBCO. The measurements were made over a nine day period for decreasing

(black and turquoise), increasing (red, black and blue) and a random order of temperatures

(green). Typical photoluminescence excitation powers were 70 mW. The inset graph shows

the change in peak photoluminescence emission intensity at 124 K over the nine day period
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Figure 6.37. The normalised peak photoluminescence emission intensity of single crystal
DyBCO measured as a function of temperature and normalised to 1 at 124 K. The
measurements were made over a nine day period for decreasing (black and turquoise),
increasing (red, black and blue) and a random order of temperatures (green). Typical

photoluminescence excitation powers were 70 mW.

Figure 6.38 displays the FWHM of DyBCO measured as a function of increasing,
decreasing and a random order of temperatures. No change is observed between 124 K

and 300 K with the average FWHM remaining approximately constant.
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Figure 6.38. Variation in full width half maximum (FWHM) of the photoluminescence
emission spectra measured as a function of temperature for single crystal DyBCO. The
measurements were made over a nine day period for decreasing (green), increasing (black)
and a random order of temperatures (red). Typical photoluminescence excitation powers

were 70 mW.

6.6.2. Single crystal YBCO

Spatially resolved measurements across the sample surface

Figure 6.39 shows the spatially resolved photoluminescence emission spectra of
single crystal YBCO measured in 1 mm increments across the sample surface.
Measurements were made in three positions (top, middle and bottom) with the spectra

shown here measured in the bottom vertical position on the sample.
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Figure 6.39 Photoluminescence emission spectra of single crystal YBCO measured at
different positions horizontally across the sample surface. The inset graph shows the
normalised photoluminescence emission spectra. Measurements were made along the
horizontal direction at 1mm intervals in one of three vertical positions (top, middle,
bottom). The spectra displayed are measured in the bottom vertical position. The edge of
the sample was at 0 mm and 5 mm. At 5 mm the laser spot was on both the silicon and

sample. Typical excitation powers were 53 mW.

Excitation power dependence

The excitation power dependence of single crystal YBCO is shown in Figure
6.40. The laser power was manually increased from 0 to 82 mW and was measured
between the final focussing lens and the cryostat window using a handheld Melles Griot
power meter. The main graph shows the normalised photoluminescence emission spectra
with the inset graph showing the peak photoluminescence emission intensity as a

function of excitation power.
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Figure 6.40. The normalised photoluminescence emission spectra of single crystal YBCO
measured for increasing excitation powers at 304 K. The inset graph shows the peak
photoluminescence emission intensity as a function of excitation power. Laser power was

manually increased from 0 to 82 mW.

Variation in photoluminescence spectra over a period of hours

Figure 6.41 shows the variation in peak photoluminescence emission intensity
measured over a 10 hour period. The measurements were made in 3 minute intervals at
127 K. The main graph shows a selection of 8 normalised photoluminescence emission
spectra with the inset graph showing the variation in peak intensity with time. The first
spectrum was measured immediately after the laser had been positioned at a new position

on the sample and was not moved throughout the course of the 10 hour run.
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Figure 6.41. The photoluminescence emission spectra of single crystal YBCO measured
over a 10 hour period. Each spectrum was measured at 127 K in 3 minute intervals. The
main graph shows 8 normalised spectra measured at various times throughout the 10 hour
period. The inset graph shows the change in the peak photoluminescence emission intensity
(in counts s" W) as a function of time. Typical photoluminescence excitation powers were

70 mW.

Temperature dependent measurements

Figure 6.42 shows the photoluminescence emission spectra of single crystal
YBCO measured as a function of increasing temperature between 127 K and 224 K.
Measurements were made after a 30 minute period which commenced after the sample
had been repositioned to correct for movement of the sample due to thermal contraction

of the sample holder. The inset graph shows the normalised emission spectra.

228



S 10
' ' ' % 0.84 3
> 124 £
g é %‘0.6* \\\
2 10 5204 N\
c ~ & 02
(@] [
B = £ o e
8 - 8 2 00 500 600 700 800 900
g 2 Wavelength (nm)
(0] E 6— e —
o 3
5 8
20 4 Temperature
£ x 127 K
€ ——— 128K
° 2 130 K
§ —— 131K
O T T T T T T T T T 138 K
500 600 700 800 900 — 147K
Wavelength (nm) 194K
— 220K
— 224 K

Figure 6.42. Photoluminescence emission spectra of single crystal YBCO measured as a
function of temperature. Spectra were collected for increasing temperatures between 127 K
and 224 K. The inset graph shows the normalised spectra. All spectra were measured after
a 30 minute period which began once the sample had been repositioned to correct for

thermal contraction. Typical photoluminescence excitation powers were 70 mW.

Figure 6.43 presents the peak photoluminescence emission intensity as a function
of temperature for single crystal YBCO. The data is normalised to 1 at 124 K in Figure
6.44. Data has been collected for increasing, decreasing and a random order of
temperatures over a three month period. The sharp increase in peak photoluminescence
emission intensity below 130 K was only observed in the increasing temperature run and
could not be reproduced in the random order or decreasing temperature measurement
runs.

The data shown in Figure 6.43 and Figure 6.44 were collected over a three month
period. This was due to technical complications with the laser which required the
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equipment on the optical bench to be dismantled and reassembled after the decreasing

temperature measurement but before the increasing and random order measurements. The

change in intensity is due to a realignment of the system and re-optimisation of the

excitation and emission optical pathways. To remove uncertainties created by the

changes in the peak photoluminescence emission intensity due to optical alignment, all

analysis is carried out using normalised intensities.
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Figure 6.43. Peak photoluminescence emission intensity as a function of temperature for

single crystal YBCO. The measurements were made over a three month period for

increasing temperatures (red), a random order of temperatures (black) and decreasing

temperatures (green). Typical photoluminescence excitation powers were 70 mW.

230



2
g’ 3.0 T T T T T T T
L
'GEJ 2o5]° Increasing temperature scan |
e Random order of temperatures
3 Decreasing temperature scan
(%]
o 2.04 4
£
S
>
2 154 ° .
o
<
Q. ) [ ]
T 10{ oty .
g " - ° "
2 | .
@2 0.5- " -
s [ J
E
<Z3 0.0 T T T T T T T T
125 175 225 275 325

Temperature (K)

Figure 6.44. The normalised peak photoluminescence emission intensity of single crystal
YBCO measured as a function of temperature and normalised to 1 at 147 K. The
measurements were made over a three month period for increasing temperatures (red), a
random order of temperatures (black) and decreasing temperatures (green). Typical

photoluminescence excitation powers were 70 mW.

Figure 6.45 shows the FWHM as a function of temperature for single crystal
YBCO measured as a function of increasing, decreasing and a random order of
temperatures. No clear trend is observable across all three sets of data, however, a
decrease in FWHM of approximately 30 nm is present in the increasing and random

order temperature data below 200 K.
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Figure 6.45. Variation in full width half maximum (FWHM) of the photoluminescence
emission spectra measured as a function of temperature for single crystal YBCO. The
measurements were made over a three month period for increasing temperatures (red), a
random order of temperatures (black) and decreasing temperatures (green). Typical

photoluminescence excitation powers were 70 mW.

6.6.3. Thin film YBCO

Excitation power dependence

The excitation power dependence of the photoluminescence emission from thin
film YBCO is shown in Figure 6.46. Laser excitation power was increased from 71 mW
to 120 mW and the power measured using a Melles Griot handheld laser power meter
positioned between the final focussing lens and the sample. The inset graph shows the

relationship between peak photoluminescence emission intensity and excitation power.
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Figure 6.46 Photoluminescence emission spectra of the YBCO thin film measured for
increasing excitation powers at 304 K. The inset graph shows the peak photoluminescence
emission intensity as a function of excitation power. Laser power was manually increased

from 71.3 to 120 mW.

Comparison between thin film and bulk sample photoluminescence emission spectra
Figure 6.47 presents a comparison of the photoluminescence emission spectra
from thin film YBCO and single crystal YBCO. The spectra display the same peak
wavelengths and FWHM but the single crystal emits a peak photoluminescence emission
intensity approximately 19 times greater than the peak emission intensity from the thin
film. The thin film has a 10 times higher intensity at 800 nm compared to the single
crystal sample. Measurements on an STO substrate with no YBCO thin film present and

on the back of the thin film sample substrate with the YBCO film present, produced
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Figure 6.47 Comparison of the normalised photoluminescence emission spectra of the
YBCO thin film and YBCO single crystal at 304 K. The peak photoluminescence emission
intensity for each spectrum is given in the legend. Typical photoluminescence emission

powers were 70 mW for the thin film and 53 mW for the single crystal sample.

emission peaks in this region due to the STO substrate and the mounting adhesive on the

back of the substrate from the deposition process.

6.6.4. High temperature superconductors — Analysis and discussion

Photoluminescence emission measurements of YBCO in the literature show a
wide variation in the observed spectra. The differences have been attributed to a strong
dependence upon defect concentration, oxygen content, surface contamination, sample
fabrication and excitation energy [13, 14, 19]. Photoluminescence emission peaks have
been observed from 433 nm to 660 nm for excitation energies in the UV and visible

regions. Photoluminescence emission at wavelengths between 530 nm and 580 nm has

234



been reported to be due to transitions between holes in the 3d'° to 3d° oxygen derived
valence bands and oxygen depleted regions [13, 19]. To our knowledge, no

measurements are reported in the literature on the measurement of DyBCO.

Room temperature data for the high temperature cuprate superconductors

Spatial mapping of both the single crystal DyBCO and YBCO samples showed a
variation in the photoluminescence emission spectra from across the sample surface
(Figure 6.33, Figure 6.39). The peak photoluminescence emission wavelength was
measured to be at 555 nm (2.2 eV) for the YBCO (single crystal and thin film) samples
and 580 nm (2.1 eV) for the single crystal DyBCO sample. Close to the edge of the
sample, photoluminescence from Apiezon N grease was observed in the DyBCO spectra.

An interesting observation was that pits in the sample surface often displayed a
bright yellow/orange (570 — 590 nm) luminescence emission visible under close
examination to the naked eye. CuO; has been reported to have a band gap at 570 nm
(2.17 eV) which may explain the occasional bright points of yellow/orange luminescence
[125]. The bright spots in pits on the cuprate samples were the only locations where
luminescence was visible by eye unless the sample was contaminated by N grease when
a light green/white luminescence was visible across a wide area on the sample surface.

Variations in peak photoluminescence emission intensity and FWHM for both the
YBCO and DyBCO samples were most likely due to the luminescence produced on the
uneven edges of the pits on the sample surface. In these locations the angle between the
sample surface and detection optics would change leading to detection of the
luminescence at a different wavelength. The peak at 800 nm in the Smm position of the

spatial mapping measurement of the DyBCO sample is due to light from the laser
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directly reflecting into the collection optics leading to luminescence of the optical
components (Figure 6.33).

A linear dependence of photoluminescence emission intensity with excitation
power was observed for both single crystal DyBCO and YBCO (Figure 6.33, Figure

6.40) and a roughly linear dependence for the YBCO thin film (Figure 6.46).

Temperature dependent measurements for the high temperature cuprate superconductors

A 30 nm increase in FWHM with temperature was observed for two out of the
three data sets measured for single crystal YBCO between 124 K and 304 K (Figure
6.45). The trend is consistent with the measurements of Garcia, who observed an increase
in FWHM of approximately 30 nm between 65 K and 300 K [13]. Also consistent with
the work of Garcia was the observed increase in peak photoluminescence emission
intensity as a function of decreasing temperature. An increase in photoluminescence
emission intensity of approximately a factor of 7 is shown in Figure 2.16 between 300 K
and 125 K from the work of Garcia, which is much larger than the factor of two increase
measured in this study (Figure 6.43, Figure 6.44). The sharp increase in luminescence
intensity below 125 K will be discussed in section 6.7. An increase in photoluminescence
emission intensity is consistent with the expectation that as temperature decreases there is
a reduction in lattice vibrations and non radiative recombination processes thus reducing
the processes competing with radiative recombination and increasing the probability of
photoluminescence emission [188]. No change in the peak photoluminescence emission
wavelength was observed as a function of temperature for single crystal YBCO.

The FWHM and peak photoluminescence emission wavelength of single crystal
DyBCO showed no dependence upon temperature, remaining constant within the

distribution of the data between 124 K and 300 K (Figure 6.38). Peak photoluminescence
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intensity of the single crystal DyBCO sample also showed no apparent dependence upon
temperature (Figure 6.36, Figure 6.37).

The peak photoluminescence intensity of the single crystal DyBCO sample
measured at 124 K showed an increase in intensity of about a factor of three over the 9
days of measurements (Figure 6.36). The formation of an oxide layer on the sample
surface (as was the case with the copper sample) was unlikely to have led to the increase
in the intensity since the sample surface was already oxidised. The increase was also not
correlated to a systematic change in spectral shape as was observed during the oxidation
of the copper sample. The consistency of the spectral shape also makes the increase
unlikely to be due to the destruction and restructuring of oxygen at the sample surface
under laser excitation, as the spectral shape would have been expected to change with
sample composition. Measurements of the sample surface structure and compositional
analysis should be carried out between each set of photoluminescence emission spectra
measurements in order to reach a conclusion as to the origin of the increase in

photoluminescence emission intensity.

Reliability of data

The change in peak photoluminescence emission intensity of the DyBCO single
crystal sample as a function of time rather than temperature (Figure 6.36) means that no
conclusions can be drawn from this data as there is an unknown factor affecting the data,
hence making the data unreliable.

The spectra measured for YBCO show a reproducible spectral shape across the
sample surface (Figure 6.39) as well as the single crystal and thin film spectra comparing
extremely well (Figure 6.47). Changes as a function of temperature show a reproducible

trend across all measurements (Figure 6.44) with the spectral shape remaining consistent
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throughout (Figure 6.42). For these reasons, it is concluded that the YBCO data is

reliable and is not affected by the problems observed for the DyBCO sample.

Calculated spectra

Figure 6.48 and Figure 6.49 show the measured and calculated
photoluminescence emission spectra for DyBCO and YBCO, respectively. The
calculated spectra poorly model the measured spectra for both samples, with no peaks

present in the spectrum calculated for YBCO.
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Figure 6.48 Comparison of the normalised room temperature photoluminescence emission
spectra of DyBCO and the photoluminescence emission spectrum calculated using equation
(2.37). The calculated spectrum used data for the refractive index and extinction coefficient

measured using the J.A Woollam elipsometer and density of states calculated by Dr Stewart

Clark.
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The mechanism of photoluminescence emission in the high temperature cuprates
is described in the literature as originating from a variety of sources, including transitions
within the Cu-O chains, transitions between holes in the oxygen derived 3d'° and 3d’
valence bands and photoexcitation in the CuO, plane [14, 15, 19, 20]. All of these
processes are very different to the mechanism describing photoluminescence emission in
gold and copper, which is what equation (2.37) was designed to model. Therefore, it is to
be expected that equation (2.37) would not be suitable for modelling the

photoluminescence emission from the high temperature cuprate superconductors.
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Figure 6.49 Comparison of the normalised room temperature photoluminescence emission
spectra of YBCO and the photoluminescence emission spectrum calculated using equation
(2.37). The calculated spectrum used data for the refractive index and extinction coefficient
measured using the J.A Woollam elipsometer and density of states calculated by Dr Stewart

Clark.
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6.7. General discussion

There is little information in the published literature on the photoluminescence
emission measurements from metals and superconductors. Measurements on the samples
presented in this chapter have shown unusual behaviour in both materials which have not
previously studied and those for which data has already been presented in the literature.
In the following section the new observations will be compared with the processes

already reported in the literature in an attempt to explain the observed features.

Oscillations in emission intensity over a period of hours

Peak photoluminescence emission intensity was observed to decrease over a
period of hours in the niobium, SnMosSg and YBCO samples. The decreases were of the
order of 22 % for the 99.99 % purity single crystal niobium sample (13 hour period,
Figure 6.6), 7 % for polycrystalline SnMogSg (1 hour period, Figure 6.22) and 41 % for
single crystal YBCO (10 hour period, Figure 6.41). The spectral shape did not change
over the period of the measurements with the only change being the intensity of the
spectra.

The variation in photoluminescence emission intensity over the measurement
period for the three samples was different to that observed for gold and copper (Chapter
5), where the intensity oscillated during the same time period and showed a steeper initial
decrease in the intensity over the first 30 — 60 minutes. In the three superconductive
samples measured here, a continuous decrease with no oscillations was observed over the
10 hour period for niobium and single crystal YBCO and 90 minute period for SnMo¢Ss.
Data has not been collected for the variation in photoluminescence emission over a

period of hours for polycrystalline PbMogSs or single crystal DyBCO.
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No satisfactory explanation for the phenomenon has been found with no
precedent evident in the literature. The only process reported to show a decreasing
photoluminescence intensity over a period of hours under continuous excitation is not
directly comparable to the samples in this study. A slow exponentially decreasing
photoluminescence emission intensity has been observed in the literature from oxygen
deficient YBCO over the course of an hour [20, 126]. The mechanism behind the time
dependent emission was attributed to persistent photoconductivity (PPC) as discussed in
Chapter 2 [20, 126, 127]. However, the process of PPC is reported to only occur in
oxygen deficient YBCO and not for optimally doped samples (as were studied here), due
to the requirement for oxygen vacancy trapping sites. The decrease in photoluminescence
intensity observed during PPC (~ 6 %) is also much smaller than the decrease observed
in niobium and YBCO. The work by Federici into PPC was also measured under much
higher excitation powers (4 W all lines from an Ar+ laser) than our measurements (70
mW at 488 nm from an Ar+ laser).

Therefore, at present, no explanation can be given for the variation in
photoluminescence emission over a period of hours and a systematic study should be
conducted to give a clearer indication of the reproducibility, temperature dependence and

physical processes involved.

Low temperature increase in photoluminescence emission intensity

A sharp rise in photoluminescence intensity was observed at low temperatures
from the niobium, PbMosSs (Figure 6.17, Figure 6.18), SnMo¢Ss (Figure 6.25, Figure
6.26) and one measurement of the single crystal YBCO sample (Figure 6.43, Figure
6.44) but was not observed for gold, copper or DyBCO. The onset temperature for the

increase was approximately 90 K for niobium, 73 K for PbMosSg and SnMoeSs and 131
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K for YBCO. The shape of the photoluminescence emission spectra did not change upon
entering the region of rapid increase for niobium (Figure 6.9), PbMoSg (Figure 6.16) and
YBCO (Figure 6.42). Repeated measurements showed the increase to be independent of
the order of the measurements on an individual sample.

Data for the SnMogSg sample will not be considered further in this discussion as
photoluminescence emission peaks from impurities on the sample surface have been
shown to display different temperature dependences to that of the main spectral peak
making conclusions drawn using this sample unreliable.

The rapid increase in photoluminescence emission intensity at low temperatures
is not thought to be related to a feature of the experimental hardware since the
observation of an increase in photoluminescence emission intensity was independent of
the order that measurements were made on the different samples. The samples were often
remounted between measurements and the cryostat opened to atmosphere and re-
evacuated. It therefore seems unlikely that an increase would not be observed for the
measurements of copper, gold and DyBCO if the effect were related to the experimental
hardware. Condensation of gases on to the surface of the samples would also be expected
for all samples and should not occur selectively.

A sharp increase in photoluminescence emission intensity was observed by
Tominaga in Nbs3Sn below 18 K [16]. In their work, the increase in luminescence
intensity was attributed to an increase in the probability of relaxation of electrons and
holes from the excited states to emitting states below the superconducting critical
temperature. However, no explanation was given for the processes which led to the rate
change. The increase in intensity did not occur close to 7¢ for any of our samples and so
the change cannot be attributed to the onset of superconductivity in our measurements

which leads us to question the reliability of the interpretation in the study by Tominaga.
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At present, the origin of the rapid increase in photoluminescence emission
intensity at low temperatures remains unknown and requires further investigation to

determine the underlying processes producing this effect.

6.8. Conclusions

This chapter has presented a systematic study of the photoluminescence emission
spectra of polycrystalline PbMo¢Sg and single crystal YBCO as a function of
temperature. The data are determined to be reliable through measurements as a function
of position across the sample surface and excitation power dependence. For single crystal
YBCO, a comparison has been made a high quality thin film and has shown extremely
good agreement between the photoluminescence emission spectra of the two samples. A
reproducible increase in peak photoluminescence emission intensity by a factor of 1.5
was observed as a function of temperature between 304 K and 80 K for PbMosSs and a
factor of two increase between 296 K and 131 K for YBCO. FWHM showed a 20 nm
decrease for PbMosSg and a 30 nm decrease for YBCO with peak photoluminescence
emission wavelength remaining constant as a function of temperature for both samples.

Photoluminescence emission spectra for 99.99 % purity single crystal niobium
were determined to be from an oxide on the sample surface and not from the bulk sample
as no spectrum could be measured from a polished sample. Measurements of the Chevrel
phase superconductor, SnMo¢Ss, were also considered to be unreliable as the spectra
contained peaks attributable to impurities on the sample surface which displayed
emission with a different temperature dependence to the main photoluminescence
emission peak. Measurements on the doped Chevrel phase superconductors, Sn;.

xEuxMosSg x = 0.35 and Pb;4GdxMoSs x = 0.3 were not possible as reproducible results
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could not be achieved due to damage occurring to the samples under laser illumination.
Finally, an increase in the peak photoluminescence intensity of the high temperature
superconductor DyBCO over the period of the variable temperature measurements meant
that the data could not be reliably interpreted as an additional change was occurring to
the sample which was not related to its temperature dependence.

A variation in photoluminescence emission intensity over a period of hours was
observed from the niobium, SnMo¢Sg and YBCO samples and as yet, no explanation has
been found for the origin of this feature. A comparison has been made with experimental
data in the literature. However, photoinduced conductivity (PPC) is the only precedent
for a decrease in photoluminescence emission over a period of hours under continuous
excitation and the process is only able to take place in non-optimally doped YBCO and
not in the samples measured in this study. A theory has also not yet been found to explain
the rapid increase in photoluminescence intensity at low temperatures observed in

niobium, PbMogSg, and YBCO.
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Chapter 7. Conclusions and future work

This chapter considers possible future investigations for the measurement of low
yield photoluminescence emission including design modifications to the instrumentation
for measurements below the superconducting critical temperature.

In chapter 5 data were presented for the photoluminescence emission spectra of
gold and copper measured using the high sensitivity instrument developed as part of this
project. The spectra compared well to data in the literature and have been accurately
modelled using the theory presented by Apell [64]. The first measurements of the
photoluminescence emission of gold and copper as a function of temperature have been
presented and show a reproducible increase in peak photoluminescence emission
intensity by approximately a factor of two for gold and a factor of five for copper
between 300 K and 80 K. FWHM and peak photoluminescence emission wavelength
showed no change as a function of temperature. An oxide on the surface of the copper
sample was observable as second peak in the copper photoluminescence emission
spectrum which increased in intensity over a period of days. Further work is required to
identify whether the copper spectrum is dominated by the emission from the oxide,
however, the ability of the theoretical model to accurately reproduce spectra for both
polished gold and copper is evidence against the domination of the oxide.

In chapter 6 we presented data for the photoluminescence emission spectra of
polycrystalline PbMogSs and single crystal YBCO as a function of temperature. To our
knowledge this the first time that this data has been presented for PbMosSg. The data are

considered to be reliable due to the homogeneity in spectral shape measured across the
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sample surfaces and the reproducibility of measurements made as a function of
temperature. A comparison between the photoluminescence emission spectra of single
crystal and thin film YBCO showed extremely good agreement with the only marked
difference between the two spectra being a higher peak photoluminescence emission
intensity from the single crystal sample.

A reproducible increase in peak photoluminescence emission intensity by a factor
of 1.5 was measured for polycrystalline PbMogSs and a factor of two for single crystal
YBCO between 304 K and 80 K and 296 K and 131 K, respectively. FWHM decreased
by 20 nm for PbMo¢Sg and 30 nm for YBCO over the same temperature range with the
peak photoluminescence emission wavelength remaining constant for both samples.

Photoluminescence emission spectra were also measured as a function of
temperature for 99.99 % purity single crystal niobium, polycrystalline Chevrel phase
SnMo¢Sg and a single crystal DyBCO sample. However, data from these samples was
considered to be unreliable due to a variety of factors and, as such, could not be included
in a discussion of the photoluminescence emission from metals and superconductors. The
emission spectrum from the niobium sample is thought to originate from an oxide layer
on the sample surface since emission was only measurable from an unpolished sample
cut using a diamond saw and not after the sample was polished. Peaks in the
photoluminescence emission spectrum of SnMoeSg have been attributed to impurities on
the sample surface due to their change in relative intensity to the main peak depending
upon the position of the measurement on the sample surface and their temperature
dependence which was independent of the main photoluminescence emission peak. An
increase in the peak photoluminescence emission intensity from the single crystal
DyBCO sample was observed over the measurement period which could not be

explained. As such, the data could not be reliably interpreted as an additional change was
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occurring to the sample which was not related to its temperature dependence.
Measurements as a function of temperature could not be made on the doped Chevrel
phase superconductors Sn;xEuxMo¢Sg x = 0.35 and Pb; yGdiMosSs x = 0.3 as damage
occurred to the samples under laser illumination.

Modelling of the photoluminescence emission spectra of the superconducting
samples was unsuccessful using the equation which successfully calculated the emission
spectra of gold and copper. The calculated spectra were unable to produce any of the
features observed in the measured spectra. Explanations for the poor agreement between
the calculated and measured spectra include; the emission being from an oxide on the
niobium sample and not from pure niobium for which the spectrum was calculated, the
lack of inclusion of the density of states above the Fermi level in the calculation for the
Chevrel phase materials and modelling of the wrong processes for the generation of
photoluminescence emission from the high temperature cuprate materials.

A variation in photoluminescence emission intensity over a period of 12 hours
has been observed for a range of samples and shows an oscillation with a period ~ 400
minutes for gold and copper and a continuous decrease in intensity with no oscillation for
niobium, SnMo¢Sg and YBCO. A rapid increase in peak photoluminescence emission
intensity with no change of spectral shape is observed at low temperatures in niobium,
PbMoeSs and YBCO but is not present in measurements of gold, copper or DyBCO. At
present, the physical processes underlying both of these features remain unexplained and
require further investigation. No precedent is available in the literature to explain either
phenomenon. A comprehensive study is required to identify whether the time
dependence is characteristic of all metallic and superconducting samples.

The design, construction, calibration and operation of an instrument for the

measurement of low yield photoluminescence emission as a function of temperature has

247



been a important component of this project. Key features of the instrument included a
sample holder designed to maximise thermal conduction from the cold head of the
cryostat to the sample which also included silicon wafers acting as an optical shield
between the sample holder and the excitation source. Photoluminescence emission from
components within the instrument such as glass filters, lenses, anodised sample holders
and adhesives luminesced with up to 10° times greater intensity than the emission from
the samples themselves. Extreme care and attention to detail was employed throughout
the project to select high quality optical components and to construct sample holders
which reduced background emission intensities to at least two orders of magnitude below
the emission intensity of the metals.

Sample holder mounting techniques and thermometry have also been investigated
in detail in this thesis. Our work has shown that the standard setup of most optical
cryostats frequently does not achieve the temperatures stated on instrument dials unless
radiation shielding, joints between the sample holder and the cold head, vacuum
pressures and adhesives are all optimised and maintained correctly. Incorrect mounting
of a single component such as the radiation shield around the sample was observed to
increase the sample base temperature by 36 K.

Heating of the sample by laser illumination was the limiting factor in the sample
base temperature during variable temperature measurements. To improve the base
temperature, lower excitation powers are required, decreasing the intensity of the
emission from the sample. Lower emission intensities will require longer measurement
exposure times and hence will require a detector with a lower dark current to maintain or
improve upon the existing signal to noise ratio. The use of an adhesive with a higher
thermal conductivity, such as pressed indium, would also aid in achieving lower sample

temperatures.
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Two interesting avenues for future work have become apparent based on the
conclusions of this work. The first is the measurement of photoluminescence emission
below the superconducting transition temperature. The few studies of photoluminescence
from superconductors as a function of temperature in the literature draw contradictory
conclusions as to whether any changes are observed at 7. A systematic study of both
high and low temperature superconductors is required to identify if the observations of
the different studies are due to the superconducting properties of the samples.

Before measurements below 70 K can be made, the apparatus must be developed
to improve the base temperature of the samples under laser illumination. The use of
pressed indium joints and lower laser excitation powers will help to achieve this and a
careful calibration of sample temperature should then be carried out as a function of laser
power. The geometry and preparation of samples should also be considered for a new
study with the optimum materials being polished single crystals and thin films with
surface areas greater than 10 mm x 10 mm. The larger samples will remove the
requirement for a silicon shield behind the samples.

The second area where further investigation is warranted is the variation of
photoluminescence emission over a period of hours. A systematic approach is needed to
measure a range of samples (both superconductors and non-superconductors), mounted
using different techniques at several temperatures (above and below 7¢) with each
measurement repeated multiple times. This will help to identify the processes producing
photoluminescence emission across a range of samples.

Finally, it is our hope that future work using the instrument designs and
discussions presented in this thesis will not simply be limited to the measurement of

metals and superconductors but will be used across a wide range of disciplines including
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work on doped semiconductors, tagging of biological molecules and in vivo medical

diagnostics.
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Appendix: Publications, talks and posters

Publications

Armstrong, H., D.P. Halliday, and D.P. Hampshire
Photoluminescence of gold, copper and niobium as a function of temperature

Journal of Luminescence, 2009. 129(12): p. 1610-1614.

Talks

1. International Conference on Luminescence and Optical Spectroscopy of Condensed

Matter (ICL’08), 9 July 2008, Lyon, France

Posters

1. IoP Superconductivity Group AGM, June 2006, London, UK
2. Applied Superconductivity Conference, ASC’06, August 2006, Seattle, USA
3. European Conference on Applied Superconductivity, EUCAS’07, September 2007,

Brussels, Belgium
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