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Abstract

The optical spectroscopy techniques have been used to investigate left-handed
behavior of metamaterials as well as the electron-bosonic spectral functions (or Bosonic
spectra) of high-transition-temperature superconductors (or high-7, superconductors)

in the research work of this thesis.

The periodic double-ring split-ring resonator (SRR) array was one of the first
proposed magnetic metamaterials which could give rise to a negative magnetic per-
meability (1 <0). In the traditional design of negative index metamaterials, the SRR
arrays were combined with continuous metallic wires that provide a negative electric
permittivity (¢ <0). However, the requirement of an unbroken electrical connection
between unit cells would be challenging in building contoured devices. In our study,
we carefully examine the electromagnetic properties of the double-ring SRR arrays
on silicon substrates in the mid-infrared frequency regime experimentally and nu-
merically. For light at normal incidence, we observe that an electric resonance in the
outer ring and a magnetic resonance in the inner ring exist at similar frequencies
in one of our samples, which suggests that the double-ring SRR array could have
simultaneous a negative permittivity and a negative permeability, or a left-handed
behavior. Qur conjectures are confirmed by the numerical simulations. We also pro-
pvose a new left-handed metamaterial composed of two single-ring SRRs in each unit
cell. The left-handed behaviors in our designs originate from the SRR structure itself
only and therefore, there are no metallic continuous wires involved compared to the

conventional left-handed SRR metamaterials.

The high-T, superconductor samples studied here are highly under-doped
YBa,Cu306.35 (YBCOg.35), nearly optimally doped monolayer HgBay,CuOg44s (Hg1201),
Zn- and Ni- doped BisSr,CaCuy0g.5 (Bi2212) single crystals. We experimentally de-
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termine the optical constants of the samples and numerically extract the electron-
boson spectral functions from the optical scattering rate by either an analytic for-
mula or a maximum entropy inversion technique. We find that the bosonic mode
obtained from the optical data is consistent with a peak in the g-averaged susceptibil-
ity seen in the magnetic neutron scattering studies. The comparisons of the bosonic
spectra between YBCOQOg 35 and YBCOg 50, monolayer Hg1201 and trilayer Hgl1223
(HgBayCapCu30sg,5), Zn-doped and Ni-doped Bi2212 characterize the variation of
the bosonic spectra with the hole concentration, T, as well as the magnetic and non-

magnetic atom substitution.
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Chapter 1

Introduction and Motivation

Optical spectroscopy is a powerful tool for the experimental investigation of
the physical properties of a variety of materials. In our laboratory, with different
combinations of the light source, the beamsplitter, the infrared (IR) window and the
detector, we are able to cover a wide energy range, from the far infrared (FIR) up to
the ultraviolet (UV). Here we use optical spectroscopy to probe intermediate-energy
electronic excitations in the well-known high-transition-temperature superconductors
(high-T, superconductors or HTSCs) as well as the electromagnetic properties of
the 2D metamaterials, i.e. the negative refractive index materials (NRMs) that were
discovered only a couple of years ago. As-illustrated in Figure 1.1, many interest-
ing physical phenomena of the HTSCs exist in the energy regime that the optical
spectroscopy covers (50-40,000 cm™!), such as the superconductor energy gap, the
pseudogap, the phonons, the neutron resonance and etc.

Section 1.1 gives a brief introduction of the negative refractive index meta-
materials, the motivations and the specific subjects of our studies. In section 1.2, a
concise review of the extraordinary properties of the high-T; superconductors is pro-

vided, particularly focused on the electron-boson spectral density (or bosonic spectral
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Figure 1.1 An illustration of the intermediate-energy electronic excitations in the
high-T, superconductors (Basov and Timusk, 2005).

density or bosonic spectrum) of the HTSCs.

1.1 Negative Refractive Index Metamaterials

The metamaterials are a group of novel artificial substances, which have sub-
wavelength microscopic structures and thus can be treated effectively as homoge-
neous materials with an effective electric permittivity (€¢) and an effective magnetic
permeability (). The artificial structures determine their unusual electromagnetic
properties, such as a negative refractive index or left-handed behavior, which is rare

in naturally occurring materials.

The concept of the “left-handed substance” was first proposed by Veselago
about 40 years ago (Veselago, 1968). He considered a case where a medium has si-

multaneously a negative relative dielectric permittivity (e <0) and a negative relative

2
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magnetic permeability (u <0). Start with the Maxwell equations,

VxE=-— = (1.1)
ﬁxﬁ:e% (1.2)

where E and H are the electric and magnetic fields. For a plane harmonic wave
expli(k - 7 — wt)], we have V — ik and 8/8t — —iw and therefore, Equations 1.1 and
1.2 become

kx E = pwH | (1.3)
kx H = —ewE. | (1.4)

For ordinary optical materials with € >0 and g >0, we obtain the well-known right-
handed triad E x H « k from Equations 1.3 and 1.4. However, if both € and p
are negative, E, H and k form a left-handed triad E x H « —I?, which means
the directions of light propagation of energy, the Poynting vector S =Ex H, and
phase k are reversed. Meanwhile, the wave vector k relates to the refractive index n
through nf = ¢/ wk, where 7 is the unit vector along E x H. Whenever £ is in the
opposite direction of ExH , n becomes negative. Therefore, Veselago concluded that
a negative refractive index or a left-handed behavior would happen if a substance had
simultaneously a negative ¢ and a negative u. Furthermore, he deduced a series of
unusual electromagnetic phenomena in negative refractive index media, for example,
a reversed Doppler shift and a obtuse angle of the Cerenkov radiation, due to the
fact that the wave vector k is anti-parallel to the Poynting vector. Another more
straightforward optical effects due to the negative refractive index ‘one would think

of is anomalous refraction, which has been considered as a criterion for experimental
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verifications of the existence of the negative refractive index (Shelby et al., 2001, Chen
et al., 2004). As we know, when a light is incident onto the interface of two media
having different refractive indices n; and n,, the beam is bent in a way that obeys
Snell’s law,

n sin @ = ny sin @, (1.5)

where 0 and ¢ are the angles of incidence and refraction. If n; >0 and n,; >0, the
refracted light is on the other side of the surface normal as shown in Figure 1.2
(a). However, if n; >0 and n, <0, the angle of refraction becomes also negative, in
other words, the refracted light is on the same side as the incident wave as seen in
Figure 1.2(b). Note that, although the refraction at the interface of a positive and
a negative medium is anomalous, it does not violate Snell’s law. Despite the various
interesting effects of the negative refractive index media predicted by Veselago, there
is no naturally occurring material that has been found to have simultaneously a

negative € and a negative p.

(2) (b)

S — S 7

(K k,
4 E n,>0 _.E 4 ny,<0

S S

Figure 1.2 (a) The normal refraction for two media which both have positive refrac-
tive indices. (b) The anomalous refraction where the second medium has
a negative refractive index, but doesn’t violate Snell’s law.

The materials that have negative electric permittivities are common in nature,

because many metals have negative dielectric constant below their plasma frequencies

4
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which are usually in the visible or even ultraviolet frequency ranges. However, the
realizations of a negative magnetic permeability and an overlap of the frequencies
where ¢ and p become negative are challenging. It was not until 1999 that Pendry
et al. suggested an array of double-ring split-ring resonators (SRRs) as one of the
candidates that have negative u, where each resonator consists of two concentric
metallic circles with small gaps in each ring as well as between the two rings (Pendry
et al., 1999), as shown in Figure 1.3. When the magnetic field component of an incident
electromagnetic wave is perpendicular to the SRRs plane, a magnetic resonance is
excited and if the resonance is strong enough, it will achieve a region where y becomes
less than zero as seen in Figure 1.3. The magnetic resonance is associated with an LC
resonance due to the capacitance and inductance of the SRR structure, so that the
resonance frequency is determined by the dimensions of one SRR element. Since the
materials having negative ¢ and those having negative u are both becoming available,
in 2000, Smith et al. demonstrated that a composite medium, which is a combination
of the SRRs and continuous metallic wires, exhibit simultaneous negative € and x in
the microwave regime .(Smith et al., 2000). A year after that, Shelby et al. fabricated
a prism made of this composite medium and verified experimentally the anomalous

refraction in a left-handed substance at a frequency of 10 GHz.

One of the most important applications of the negative refractive index meta-
materials is for building the superlens. The best resolution of a conventional lens is of
the order of the wavelength of the incident light due to the diffraction limit where the
evanescent waves that contain the sub-wavelength information of the objective decay
exponentially in the posmve refractive mdex media. However, the negatlve refractive
index metamaterials have been verified to give rise to an exponential magnification
of the amplitude of the evanescent wavés and thus have much higher resolutions than

the conventional lenses.
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A“’eff

-
T
1
1

Figure 1.3 The schematic diagrams of one element of the double-ring split-ring res-
onator array (Left) and the magnetic resonance in it when the magnetic
component of the incident light is normal to the array (Right).

In the previous designs of the NRMs, the metallic continuous wires were com-
bined with the SRRs to achieve a negative refractive index because they provide € <0
below the plasma frequency. However, the wire medium has certain disadvantages as
indicated earlier by Schurig et al.(Schurig et al., 2006), such as the requirement of
an unbroken electrical connection between unit cells, which would be challenging in
building contoured devices. But note that, the SRR has electric resonances as well,
which result in € <0 at certain frequencies. One of the electric resonances is from the
parallel currents in the two parallel arms of the SRR (Koschny et al., 2004), and an-
other one is related to the electric-field excited LC resonance via asymmetry (Linden

et al., 2004, Padilla et al., 2006).

In our studies, we deduced that a double-ring SRR array could have a negative
refractive index (n <0) due to a combination of the magnetic and electric resonances
of the SRR structure itself, without the aid of additional continuous metallic wires.
We experimentally studied the resonances of arrays of double-ring SRR with dimen-
sions of hundreds of nanometers in the mid-infrared frequencies. We observed that

the magnetic resonance from the inner ring and the electric resonance from the two

6
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parallel arms of the outer ring exist at similar frequencies in our sample. Although
there have been a number of studies on the SRRs over a wide frequency range (Shelby
et al., 2001, Padilla et al., 2006, Smith et al., 2000, Linden et al.,-2004), there are few
studies on the DOUBLE-ring SRRs in the mid-infrared region and, to our knowledge,
there is no reported observation of the magnetic resonance from the inner ring in the
transmission spectra of a DOUBLE-ring SRR array. From our numerical investiga-
tions, we confirmed that the coexistence of the magnetic resonance from the inner ring
and the electric resonance from the outer ring could give rise to a left-handed behavior
in a DOUBLE-ring SRRs. Furthermore, based on the same idea of a combination of
the resonances of the SRR itself as in our first argument, we proposed a simplified
structured metamaterial which is composed of single-ring SRRs only, with no metal-
lic wires involved. Numerical studies show that this simple structure has pronounced
left-handed behavior due to the magnetic resonance in one of the single-ring SRRs
and the electric resonance (E-field excited LC resonance) in the other in each unit
cell. Note that, in our designs, we carefully avoided the coupling between the electric
and magnetic responses (Padilla et al., 2006), which means the electric and magnetic
resonances corresponding to the left-handed behavior are excited by the electric and
magnetic fields separately. While there have been studies on the left-handed behavior
of the metamaterials composed of resonators only without metallic wires (Chen et al.,
2004), the resonances of the metamaterial we discuss in this paper are at much higher

frequencies.
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1.2 Bosonic Spectral Density of HTSCs: Probed
by Optical Spectroscopy

Although discovered more than 20 years ago, the high-T, superconductors
are still attractive to scientists since the underlying mechanisms are not completely
clarified yet.

Since the discovery of superconductivity in 1911 (Onnes, 1911), many conven-
tional metals or alloys (e.g. Hg, Al, Zn, Nb3Al, etc.) have been found to undergo
a phase transition to an ordered superconducting state (having exactly zero dc re-
sistivity and perfect diamagnetism) when cooled to below certain temperatures T,
the critical temperature or the transition temperature. However, the superconducting
transition temperatures were fairly low with a highest value of 23 K in Nb3Ge, which
is much lower than the boiling point of liquid Nitrogen (77 K). It was 75 years later
when Bednorz and Muller made a great breakthrough in the history of superconduc-
tivity and discovered a new class of superconducting materials which exhibit much
higher critical temperatures (Bednorz and Miiller, 1968). The high-T, superconduc-
tors are essentially different families of copper oxides (cuprates), e.g. Lag_Ba,CuOQy
(T =30 K), the firstly discovered HTSC and HgBay;CayCu3Os,s (Hg1223) which has
the highest T, (~135 K, under ambient pressure (Schilling et al., 1993)) to date. One
of the striking characteristics of the HT'SCs compared to the conventional supercon-
ductors is their layered crystal structure, where the conducting CuO, planes are well
separated by the insulating layers which are considered as the charge reservoir layers,
as seen in Figure 1.4. Meanwhile, different families of the HTSC cuprates may contain
different number of CuQO; layers in one unit cell.

Unlike the conventional superconductors, the high-7, cuprates have variable

critical temperatures with a variation of the charge carrier concentration or doping
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Figure 1.4 Structures of wunit cells of high-7, cuprates with differ-
ent number of CuO; layers. (a) Monolayer HgBasCuOyys
(Zhao et al.,, 2006); (b) Bilayer YBayCuzO; (Note. From
Hoffman Lab, Harvard University. (2007). Retrieved from
http://hoffman.physics.harvard.edu/research /SCmaterials.php);
(c) Bilayer BisSroCaCuyOgoys (Note. From Hoft-
man  Lab, Harvard University. = (2007). Retrieved from
http://hoffman.physics.harvard.edu/research /SCmaterials.php); (d)
Trilayer HgBayCasCuzO0g.s (McGuire, 2001).
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level, p (the number of charge carriers per Cu ion). The carriers can be either electrons
or holes and this thesis is mainly focused on the hole-doped cuprate systems. Figure
1.5 demonstrates a typical phase diagram of the HTSCs and the temperature scales
are plotted in accord with YBagCu3Og4s (Y123), which is one of systems that are
studied in this thesis. The parent compounds, where p = 0 (§ = 0), cannot become
superconducting and are usually antiferromagnetic insulators characterized by a Néel
temperature, Ty (Kittel, 1976). As the oxygen content increases, the dopant provides
holes to the system and the superconducting phase starts at certain doping level of the
holes. At a doping level where T, reaches a maximum, the system is optimally doped.
In regions where p is lower or higher than the level for the optimal doping, the system
is considered underdoped or over-doped, respectively. As displayed in Figure 1.5, the
T, as a function of doping is in a dome-like shape (namely, the superconducting dome)
and can be proximately described by Equation 1.6 (Honma and Hor, 2006), which is

conjectured to be universal for the HT'SCs.

T.
Tma.a: -

[

1 —82.6(p — 0.16)2 (1.6)

What make the phase diagram of the HTSCs more complicated are the anom-
alous normal states, where T' > T,. Instead of showing a Fermi-liquid behavior (Kittel,
1976) of a simple metal, the normal states of the cuprates exhibit unusual and different
behaviors at different doping levels. For example, below a characteristic temperature
T* (normally, T* > T, in the underdoped regimes), the normal states have a gap,
namely the pseudogap, opening up in the density of states of quasiparticles in the
vicinity of the Fermi levels. The size of the pseudogap A,, decreases with the hole
doping level and the pseudogap seems to disappear at the optimal doping as seen in

Figure 1.5. Although whether the pseudogap is gone or not at the optimal doping
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Figure 1.5 The phase diagram of the YBa;Cu3Qg.s system, a representative of the
HTSCs families. (Refer to (Ahn et al., 2003)) The circular and triangular
symbols represent two of the underdoped Y123 samples that are discussed
in this thesis.
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level and beyond is still under investigation, in this thesis, the arguments for the op-
timally doped cuprate systems are made by assuming that there is no pseudogap or
the effects of the pseudogap are very small. We do take the pseudogap contribu.tions
into account in the analysis of the two underdoped Y123 systems represented by the
symbols in Figure 1.5.

The most debated issue of the HT'SCs is the nature of the pairing mecha-
nism of the charge carriers in the superconducting condensate. The answer for the
conventional superconductors has been successfully given by the famous BCS theory
(Bardeen et al., 1957) established in 1957, which describes the superconducting elec-
trons as Cooper pairs that have zero total spin and momentum in each pair, where
the electric repulsions are overcome by the interaction between the electrons and
the phonons (the quantized lattice vibrations). An electron-phonon spectral function
a’F(Q) was a good measure of the electron-phonon interactions in the conventional
superconductors, which was obtained via a numerical inversion of the self-energy
measured in the tunneling and the optical spectroscopy experiments, based on the
Migdal-Eliashberg theory (McMillan and Rowell, 1969, Carbotte, 1990, Farnworth
and Timusk, 1976). However, when it comes to the HTSCs, the classic BCS the-
ory failed to explain those unique phenomenons in the cuprates. Whether the paired
electrons are formed still through the interactions with the phonons or via other chan-
nels, e.g. via the interactions with the magnons (the magnetic excitations or the spin
fluctuations) is puzzling.

In order to get pieces of information on the pairing glue of the HTSCs, we
examine carefully the optical self-energy spectra of the cuprates as a function of
temperature, doping, number of the CuO, layers as well as the magnetic and non-
magnetic substitutions and endeavor to extract the electron-boson spectral function

I?2x(Q) through both an analytical and a numerical method. This thesis deals with
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the high T, cuprate systems including the moderately and highly underdoped bilayer
Y123, the monolayer and trilayer Hg based cuprates, namely HgBa,CuQOy.,s (Hg1201)
and HgBay;CayCu30s4s (Hgl223), the Ni- and Zn-doped bilayer BizSroCaCuz0s45
(Bi2212), where the optical results are also compared to those of other techniques,
such as the magnetic neutron scattering and fhe angle-resolved photoemission spec-
troscopy (ARPES).

Sections 1.2.1 and 1.2.2 provide introductions to the analytical and numerical
methods that are used in this thesis, along with descriptions of the background of the

studies on the above cuprate systems.

1.2.1 Model Fits Based on Sharapov’s Formula

For the highly underdoped Y123 system, we adopt an analytic formula derived
by Sharapov (Sharapov and Carbotte, 2005) to relate the measured optical scattering
rate 1/7(w), the imaginary part of the complex optical self-energy X%(w) to the
electron-boson spectral function I2x(£2) for the normal states.

Back to the year of 1971, Allen (Allen, 1971) successfully provided an analytic
formula to relate the optical scattering rate to the electron-phonon spectral function
for the conventional superconductors. Twenty years later, Shulga et al. generalized
Allen’s formula to finite temperatures (Shulga et al., 1991). While, in both Allen’s
and Shulga’s formulas, the density of states bf the quasiparticles is assumed to be
constant in the vicinity of the Fermi levels, this is not true for the normal states of
the HTSCs, where a pseudogap exists. In orgiier to deal with the energy-dependent
electronic density of states, Sharapov et al. (Shara.pov and Carbotte, 2005) extended
the previous studies and developed a formulé, which can be applied to analyze the

optical scattering rate of the the HTSCs in the normal states. Our previous studies
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on a moderately underdoped Y123 system YBa;Cu30Og.50 (YBCOg.50) (Hwang et al.,
2006b) showed that the bosonic spectra are dominated by a bosonic mode located
around 31 meV with a strong temperature dependent mode intensity, which are con-
sistent with the neutron scattering studies. The recent neutron studies on the highly
underdoped YBasCu3Q0g 35 (YBCOg.35, T.=18 K) (Stock et al., 2006) indicated that
the 31 meV mode is gone and is replaced with a central mode at 0 meV. The motiva-
tion of our optical study on the highly underdoped Y123 sample, which has the same
hole doping level as the sample studied with neutrons, is to compare the bosonic mode
to the central mode in the neutron studies and also to compare the optical properties

between the two underdoped Y123 systems.

Distinguished from other cuprates, Y123 has an additional Cu-O chain forming
as the oxygen content increases as seen in Figure 1.4. Figure 1.6 shows the develop-
ment of the Cu-O chains with the variation of the oxygen content 6+4. The parent
compound has no Cu-O chains and is a Mott insulator. Complete chains form along
the b-axis at =1 in the ortho-I phase. An ortho-II phase appears when §=0.50, which
has alternating full and empty Cu-O chains and a doubled unit cell along the a di-
rection. When the oxygen content is 6=0.35, the Cu-O chains are not completely
ordered in the b direction, but the degree of the ordering determines the hole doping
level in the nearby CuQO, planes and thus tunes the transition temperature 7,. As
indicated in a previous study (Veal et al., 1990), the ordering of the Cu-O chains can
be controlled by the annealing temperatures. The original YBCQg 35 obtained from
the crystal grower had a higher T, than what we expected, via the annealing process

described in Chapter 5, we successfully tuned the T, to a desired value of 18 K.
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Figure 1.6 A schematic diagram of the evolution the Cu-O chains in YBayCu3Og. s
with a variation of the exygen content 6+-4.
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1.2.2 Eliashberg Inversion Based on a Maximum Entropy

Method

The Eliashberg inversion technique based on a maximum-entropy method ap-
plied to extract the bosonic spectral density I?x from the optical self-energy spectra
of HT'SCs is developed by Schachinger et al. (Schachinger et al., 2006). This method
works well in both the superconducting and normal states of HTSCs, but without
a consideration of the pseudogap in the normal states. Therefore, the numerical in-
version method is adopted only for the optimally or nearly optimally doped cuprate
systems, i.e., Hg1201 (T, ~91 K), Hg1223 (T, ~130 K), Zn- and Ni-substituted Bi2212
(T, ~85-80 K).

HgBayCuOy4,s (Hgl201) has the simplest structure in the family of mercury-
based high-T, cuprates HgBay;Ca,,_;Cu,Osy,42+5, Where n = 1 and there is only one
CuO3 plane in each unit cell as seen in Figure 1.4. The Hg-based cuprates are notable
for their high T.’s, such as Hg1223 (n = 3) which has a highest T, so far around 130
K at the optimal doping. The Hgl201 sample is nearly optimally doped and the T
is around 91 K. In this thesis, the optical properties of the single layered Hg1201 will
be compared with those of the triple layered Hgl223.

Moreover, inelastic neutron scattering experiments revealed the existence of a
magnetic resonance mode corresponding to the spin excitations at low temperatures
T < T, in the bilayer cuprates Y123 (Mook et al., 1993, Fong et al., 1995, Mook et al.,
1998, Dai et al., 1999, Stock et al., 2005) and Bi2212 (Fong et al., 1999, He et al., 2001)
and also in the monolayer copper oxide T1,Ba;CuQOg,s (He et al., 2002). However,
for another monolayer cuprate Lay_,Sr,CuQO4 (LSCO), recent neutron studies showed
that the spin excitation spectrum has two components. In addition to the mode that

was previously observed in other cuprates, a mode appears at lower energy (Vignolle
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et al., 2007). Note that LSCO has a much lower T, ~30 K at optimal doping than other
cuprate systems. The electron-boson spectra of Y123, LSCO and Bi2212 extracted
from the optical self-energy have demonstrated excellent agreement with the neutron
data (Hwang et al., 2006a, 2008a, 2007b). Iq this thesis, we study the self-energy
spectrum of the Hg1201 sample, which is a.nbtﬁer monolayer cuprate, and extract the
electron-boson spectral function with the numerical inversion. The optical results are
compared with the preliminary inelastic neutron scattering measurements on Hg1201

(Zhao et al., 2006).

The optical studies on the impurity doped Bi2212 samples are motivated by
a recently published ARPES experiment (Terashima et al., 2006) on the so called
"magnetic isotope” effects in the high-T, cuprates which is a magnetic analogue of
the isotope effects in the conventional superconductors. The direct experimental sup-
port for the phonon mediated formation of the electron pairs in the conventional
superconductors was the isotope effects, where the change of the nuclear masses al-
tered the transition temperature of the superconductors. For the high-T, supercon-
ductors, a study on the substitution effects of the copper atom with the magnetic
and non-magnetic atoms, that could affect the magnetic environment but not the
lattice vibration would give us some insights into the role of the magnetic resonance
. in the superconductivity. Terashima et al. substituted copper atoms (spin-1/2) in the
CuO; planes of Bi2212 with a small amount of non-magnetic Zn (spin-0) and mag-
netic Ni (spin-1) atoms and observed remarkable changes in the electron self-energy
that are consistent with those of the magnetic excitations (Sidis et al., 2000) and
thus deduced the importance of the spin fluctuations in pairing the electrons in the
high-T, cuprates. In this thesis, we study the Zn- and Ni- substituted Bi2212 samples
from the same source as the ARPES by using the optical spectroscopy and examine

the differences among the extracted Bosonic spectra of the bare and impurity-doped
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systems. Comparisons are made with the ARPES and neutron studies.

1.3 Thesis Outline

This thesis consists of 8 chapters. Chapter 2 elaborates on the optical ex-
periments, including Fourier transform infrared spectrometry, reflectance and trans-
mittance measurements. A brief review of the theoretical background of the optical
response of the solids and descriptions of the ways of analysis for both the HTSCs and
the metamaterials are given in Chapter 3. Chapter 4 focuses on the optical studies of
the metamaterials and explains in details the sample fabrications, the experimental
results and the numerical simulations. The main results of this part have been pub-
lished recently (Yang et al., 2008). The investigations of the optical properties of the
high-T, cuprate systems are provided in the following three chapters (Chapter 5-7).
Finally, in Chapter 8, conclusions are derived. At the end of the thesis, the appendix
provides the Matlab programmes that are used for the model fits.

While I did most of the research work included in this thesis, I would like to
acknowledge the contributions of the colleagues as well as people from other research
groups.

For the project on SRRs, I fabricated the samples and performed the op-
tical measurements with some assistance from Dr. J. Hwang. The simulations were
completely done by myself. The manuscript of the published paper on SRRs was writ-
ten by me with editorial help from Dr. T. Timusk. The single crystal of YBCOQOg 35
was grown by Dr. Ruixing Liang at University of British Columbia. The sample an-
nealing, optical measurements, data analysis as well as model fittings were carried
out by myself. The Hgl1201 sample was grown by D. Colson at CEA, Saclay. Dr. J.

Hwang provided some help with the optical measurements. I did data analysis and
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produced the optical constants, including the optical scattering rate on which Dr.
E. Scharchinger at Graz University of Technology did the maximum entropy inver-
sions. The Zn- and Ni-doped Bi2212 single crystals were provided by Prof. Kazuo
Kadowaki’s research group at University of Tsukuba. The optical measurements and
data analysis were performed by myself and the maximum entropy inversions were

done by Dr. Schachinger.
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Chapter 2

Optical Measurements

2.1 Introduction — FT-IR spectrometry

The reflectance and transmittance measurements of the high-7; superconduc-
tors as well as the metamaterials were carried out with the use of a commercial Fourier
transform infrared (FT-IR) spectrometer, i.e. Bruker IFS 66v/S. The reflectance and
transmittance stages have been customized in order to facilitate a variety of advanced
measurements of reflectance as a function of temperature and polarization using in
situ evaporation automation. The interferometer compartment, which is the most
important part of the FT-IR spectrometer, is essentially a Michelson type as shown
in the right part of Figure 2.1. It primarily: comprises an infrared light source, a
beamsplitter, two mutually perpendicular plane mirrors (one is fixed while the other
one is movable) and a couple of concave mirrors. The light from the infrared source
projects onto the beamsplitter after collimation by two of the concave mirrors. Ide-
ally, the beamsplitter is 50% transmissive which results in half of the light traveling
to the movable plane mirror with the other half going to the fixed plane mirror. The

reflected beams are recombined at the concave mirror G, enter the beam focusing
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compartment, focused on the sample in the sample chamber and finally recorded by

the detector, either through the reflection or the transmission path.

In the simplest case when the light source is monochromatic (frequency k,
in wavenumbers), as the movable mirror travels along the axis perpendicular to its
plane, the path difference (z) between the two of the recombined beams would be
changing, as well as the optical path difference (kz), which results in a variation of the
phase shift between the recombined beams. As the mirror moves back and forth, the
recombined beams are in and out of phase periodically and an interference pattern is
recorded by the detector. The intensity of the recombined beams as a function of the
path difference (I(z)), i.e. the interferogram, is a cosine function for a monochromatic
source. While, for a continuous infrared source, the interferogram is no longer a simple
sinusoidal wave, but proportional to an intensity function as shown in Figure 2.2 (a).
We define W(z) as W(z) = 2I(x) — I(0), where I(0) is the intensity for zero path

difference. If we do a Fourier transform on W (z) (Fowles, 1989),

G(k) = \/%7 /_ " W(z)e*eds, (2.1)

we end up with a power spectrum G(k), the intensity as a function of the frequency of
incident light. As seen in Figure 2.2 (b), the profile of the power spectrum describes
a black body radiation from the infrared light source. For an interferogram of N data
points, the integration in Equation 2.1 becomes a summation for each discrete point
in the power spectrum and the total number of the computations needed to produce a
spectrum of N points would be in the order of N2. Practically, a fast Fourier transform
algorithm developed by Cooley and Tukey (Griffiths and de Haseth, 2007) is adopted

to reduce the number of operations substantially to the order of N log N.
All the experiments have been done within the rapid-scanning mode of the
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Figure 2.1

Top panel: A schematic diagram of the FTIR spectrometer with the re-
flectance measurement setups. (A) light source; (B)concave mirror; (C)
aperture; (D) concave mirror; (E) fixed plane mirror; (F) beamsplitter;
(G) concave mirror; (H) movable plane mirror; (I,J) plane mirror; (K)
aperture; (L1,1.2) toroidal mirrors; (M) evaporator apparatus; (N) sam-
ple stage; (O) detector. Bottom panels: Photographs of the beam focusing
compartment (Left) and the sample stage (Right).
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FT-IR spectrometer, where the moving mirror is scanning at a constant velocity, 0.32
cm/s in our measurements. Repeated scans (usually 100~400 scans) have to be taken
and the averaged interferogram is Fourier transformed into the spectrum. Thereby,
the signal to noise radio of the spectrum is increased by the square root of the number
of scans, due to the coherence of the signal and the randomness of the experiment
noise.

The modulated beams emerging from the interferometer compartment are used
for both the reflectance and the transmittance measurements. In Section 2.2 and 2.3,
the setups and the important techniques that have been applied to the reflectance and
transmittance measurements are explained, respectively. Last but not least, a descrip-
tion of the infrared polarizers used for the anisotropic material studies is presented

in Section 2.4.

2.2 Reflectance Measurements

2.2.1 Setups of Reflection Spectrometry

Reflection spectrometry was used for ‘investiga.ting the optical properties of
HTSC materials over a wide frequency range and as a function of temperature. The
high-T, cuprates have layered structures and have 'signiﬁca.ntly different properties
between the 2D ab-plane (the CuO; plane) and the c-axis. In this thesis, we primarily
focused on the ab-plane properties of HTSCs. Figure 2.1 shows a schematic diagram
of the layout for the reflectance measurement. The mirrors in the beam focusing
compartment are arranged in order to realize a small angle of incidence, close to
normal incidence, for purpose of the ab-plane studies. An infrared window is located

between the sample chamber and the spectrometer in order to isolated the sample
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chamber to achieve a high vacuum condition for low-temperature measurements. A
continuous *He flow cryostat (R. G. Hansen & Associate), which is not shown in Figure
2.1, is attached to the sample stage through a couple of flexible silver bands for low-
temperature studies. A direct attachment of the sample stage to the cryostat would
cause an unwanted movement of the sample due to thermal expansions. A detailed
description of the isolation of the sample stage from the ambient room temperature
can found in the M. Sc. thesis of J. Yang (Yang, 2005). A temperature as low as 20 K
can be reached with the current setup. An evaporation apparatus is attached to the
sample chamber for an in situ evaporation technique (Homes et al., 1993), which is

described in Section 2.2.3.

On the sample stage, the sample and a piece of stainless steel mirror are
mounted on the tips of two polished brass cones, respectively, which are arranged in
an L-shape, as seen in Figure 2.1. The stainless steel mirror has a polished circular
surface with a diameter of 2 mm and is used as an intermediate reference for a
correction of the drift of the instrument with time and temperatures. With a rotation
of the sample stage by 90 degrees, the power spectra of the light reflected from the
sample (Rsqarm) and the stainless steel reference (R,.s) are measured successively by the
detector. In the temperature-dependent measurements, certain changes of the area of
the sample surface are expected during a large variation of temperatures, i.e. from
295 K to 27 K. And this would result in some errors in the measured temperature-
dependent reflectance spectra if the beam spot of the incident light is smaller than the
area of the sample surface, since different portions of the sample has been examined at
different temperatures. Therefore, in our reflectance measureménts, the incident light
is always managed to cover the whole sample surface area (the whole reference area as
well) and the superfluous light beam that is shined on the brass cone is just scattered

away and does not reach the detector. Note that, the sample and the stainless steel
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reference normally have different surface areas and that is one of the reasons why
the known reflectance of the stainless steel cannot be used directly to calculate the
absolute value of the reflectance of the sample. Hence, the stainless steel mirror is
considered only as an intermediate reference ;la.nd the final reference is a thin layer
of gold evaporated onto the sample surface during the measurements, i.e. the in situ
evaporation technique (Homes et al., 1993), a detailed description of which is present
in the next section.

A wide energy range frequencies of the measured reflectance spectrum of a
sample can be achieved by using the FTIR spectrometer, namely from 50 cm~! up to
40,000 cm™!. But the data of the wide-frequency spectrum have to be taken in four
sets of measurements which cover four different energy regimes of the spectrum, i.e.
the far-infrared (FIR), the mid-infrared (MIR), the near-infrared (NIR), the visible
and ultraviolet. Four different combinations of the light source, the beamsplitter, the
IR window and the detector are used to facilitate the measurements in different energy

regimes, as listed in Table 2.1.

Table 2.1 The different combinations of the light source, the beamsplitter, the IR
window and the detector for the reflectance measurements in the four dif-
ferent frequency regimes.

Frequency Light Source Beamsplitter IR Window Detector
FIR Hg arc 6um Mylar Polypropylene 4K Bolometer
(50-650 cm ™) (Coated with Ge)
MIR Globar KBr KBr 77K MCT
(400-6,000 cm™) (Coated with Ge)
NIR Tungsten UV(CaFs) KBr 77K MCT
(3,000-14,000 cm™?)
NIR,VIS, UV D, lamp UV(CaF,) KBr PMT

(12,000-45,000 cm™1)
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2.2.2 The In Situ Evaporation Technique

In order to eliminate the size effects discussed previously and also to correct
the geometrical effects due to rough sample surfaces, we applied an in situ evaporation
technique developed by Homes et al, (Homes et al., 1993). The procedures are listed
as the followings. As mentioned in Section 2.2.2, at the beginning, the stainless steel
mirror is used as the intermediate reference to obtain the ratio Ryom/Rres at different
temperatures we are interested in. And then, a uniform thin layer of metal (gold or
aluminum, depending on the frequency regime studied) is evaporated onto the sample
surface at room temperature by using the evaporator apparatus attached to the right
side of the sample chamber, as shown in Figure 2.1, and the measurements at low
temperatures are repeated on the Au or Al surface. The structure of the evaporator
apparatus is quite straightforward. A tungsten filament about 1 cm long made from
W wires is connected to the two electrodes of the evaporator. The W wires must be
cleaned with the sand papers as well as acetone to remove the oxides on the surface
of the tungsten before being made into filaments. Three short segments of thin Au
or Al wires, each of which is about 7 mm long and with a diameter of 0.25 mm, are
wrapped around the coils of the filament. A current running through the filament is
slowly increased from 0 to nearly 2 A (1.5 A for aluminum) to let the gold pieces
start to melt. Then the current is increased all the way to nearly 4 A (3.5 A for
aluminum) and held for about 10 seconds for a complete evaporation of the gold
pieces onto the sample surface. The thickness of the Au or Al layer coated onto the
surface of the sample is estimated to be about 200 nm, which is thick enough to
eliminate the unwanted reflection from the sample-Au (sample-Al) interface since the
thickness of the metal is larger than its skin depth. On the other hand, the thickness

of the evaporated metallic layer should not be too thick, for that would obscure any
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fine roughness on the sample surface. The in situ evaporation technique is carried out
in a vacuum condition of ~ 1076 Torr, and at a room temperature.

The power spectra of the reflected light from the coated sample (R4%,) and the
stainless steel mirror (R,.s) are measured to obtain the ratio (R4%,/R,.;) at different
temperatures. Finally, the absolute value of the reflectance of the sample is obtained

through a simple relation as the following:

s R-’am/R"ef bs
R:Zm - (Réo%t/_ch_f) X Rg&u (22)

R4 is the absolute value of the reflectance of gold, which is easy to measure by using
another material of known reflectance as reference.

Qold is used for evaporation at FIR, MIR and NIR frequencies, because of
its high reflectance (>0.98). However, the reflectance of gold reduces dramatically
by more than 60 % at frequencies above 20,000 cm™!. Therefore, aluminum is used
instead for evaporation at visible and UV frequencies since its reflectance is still as
high as 0.93. The accuracy of the reflectance measured by using the in situ evaporation

technique was estimated to be better than + 0.5%.

2.2.3 Steps Towards Good Optical Alignments

In order to achieve a good optical alignment, the following three steps are
taken before performing the reflectance measurements.

Step #1: Adjustments of the position and the orientation of the sample. In the
reflectance measurements of single crystals, the samples with shiny surfaces are always
preferred to maximize the signal intensity. Fortunately, the HTSC single crystals
usually can be easily cleaved to expose a shiny surface of ab-plane since the unit

cells have graphite-like layered structures and the ab planes are weakly coupled along
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the c-axis direction. In a good alignment of the sample position, after a rotation of
the sample stage by 90 degrees, the sample should be located where the stainless
steel mirror was and more important, the surface of the sample after rotating should
be parallel to the surface of the mirror before rotating. The L-shaped sample stage
guarantees a good position match of the sample and the mirror before and after the
rotation. To calibrate the angle of the sample surface after it has been glued to the
tip of a brass cone, a fine adjustment of the angle of the sample cone can be made
through three set screws in it with a laser alignment process. First of all, a laser is
shined on the stainless steel mirror (the reference position) and the location of the
reflected laser spot on a white screen is recorded . And then the sample stage is
rotated to the sample position with the surface of the sample being illuminated by
the laser. In the case of a bad alignment, the laser spot reflected from the sample
surface would deviate from the original spot for the stainless steel mirror. The three
set screws in the sample cone are then finely adjusted to achieve a perfect match of
the two laser spots of the reference and sample positions.

Step #2: Adjustments of the orientation of the toroidal mirrors. After the
well-aligned sample stage has been loaded in the sample chamber, fine adjustments
of the angles of the two toroidal mirror (L1 and L2), as shown in Figure 2.1, are
required to get the incident light perfectly focused on the sample surface and the
reflected light focused in the detector. The W lamp (NIR source) and the UV (CaF,)
beamsplitter are used to generate the visible incident light for the alignments with
eyes. Normally, after these preliminary adjustments have been done, we would get a
signal in the Bruker program with the correct light source and the beamsplitter. A
finer adjustment of the angle of the toroidal mirror L.2 is made later on to obtain a
maximum of the signal intensity.

Step #3: Adjustment of the orientation of the interferometer fixed mirror.
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Last but not least, an adjustment of the orientation of the fixed mirror is required
for achieving the best alignment of the interferometer. Each time the beamsplitter is
exchanged for different spectral domains, the adjustment of the fixed mirror has to
be made due to the different physical properties of different beamsplitters. There are
two stepper motors (knobs X and Y) in the Bruker spectrometer that control the two
degrees of freedom of the fixed plane mirror. An auto-adjustment of the two motors
can be done within the Bruker program to maximize the spectrum amplitude. How-
evér, if the fixed mirror is completely misaligﬁed,- the movable mirror (the scanner)
would stop scanning and the auto—a.lignméﬁt option wouldn’t help any more. This
happened during the FIR measurements with the 6 pm Mylar/Ge beamsplitter. In
the Bruker spectrometer, one HeNe laser is used to confrol the position of the scanner,
for example, the position for the zero path difference. The monochromatic light beam
from the laser is modulated by the interferometer as well and the sine wave shaped
signal can be monitored with an oscilloscope connected to two of the testpoints (LSA2
and LSB2). If the signal amplitude is lower than the threshold for the beamsplitter
installed (e.g., 0.6V for the 6 um Mylar/Ge beamsplitter), the scanner would stop.
At this point, a manual adjustment of the fixed mirror has to be performed. While
moving the scanner by hand, gently turned X- and Y- knobs one by one to maximize
the amplitude of the sinusoidal wave observed on the oscilloscope. Once the signal
exceeds the threshold value, the scanner would start scanning normally. Then the

auto-adjustment can be run for a finer alignment of the fixed mirror.

2.2.4 Summary of Temperature-dependent Measurements

The temperature-dependent reflectance measurements on the HTSC samples

are carried out at a variety of temperatures (usually 7-9 different temperature points)
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between 28 K and 295 K. Two cycles of the temperature variation are performed in
each of the spectral regions. The strategies we adopt for the consistence and repro-
ducibility of our data are the followings.

First of all, the power spectra ratio of the sample and the stainless steel ref-
erence Ryum/Rres is measured at room temperature. We repeat the measurement for
5 times to check whether the data are reproducible and average them to increase the
signal-to-noise radio. Secondly, the temperature is reduced all the way down to 28 K
and the averaged ratio Rsqm/Ryes is taken at 28 K. Next, the temperature is increased
step by step and stabilized at each temperature that we are interested in and the av-
eraged ratio Rsgm/Rres is taken. When the sample is back up to room temperature,
the ratio Rgum/Ryres is recorded once again and compared with the data measured
before the thermal cycle. Normally, the variation of the data is within 0.5 %, which
is also used as a criterion for monitoring any changes in the surface properties of the
sample during the temperature changes. At this point, half of the measurements have
been done and the in situ Au/Al evaporation can be performed under the conditions
described in Section 2.2.3. After the sample has been coated with a layer of gold or
aluminum, the room temperature data R4%,/R,.; is taken as before. Then the second
thermal cycle starts and the procedures of the measurements at different tempera-
tures are repeated. Finally, the measured quantities Rsum/Rres and Rﬁ,’gt/ R,y for
different temperatures are plugged into Equation 2.2 and the temperature-dependent
absolute reflectance of the sample are obtained. Note that, the absolute reflectance
at room temperature is calculated with the measured Rsqm/Rres and R;‘},’;t / Rres right
before and after evaporating Au/Al onto the sample surface.

During each thermal cycle, the data are taken once the temperature has been
stabilized within 0.5 K for 5 minutes. Closer to the room temperature, the time

needed for the stabilization of the temperature becomes longer and longer. Therefore,

32



Ph.D. Thesis - J. Yang McMaster - Physics and Astronomy

the whole temperature-dependent measurement in each spectral domain usually lasts

for more than 11 hours.

2.2.5 Low-temperature Detectors Preparations

Two low-temperature detectors have been used for the FIR, MIR and NIR
measurements, as seen in Table 2.1. The MCT (Mercury-Cadmium-Telluride) detector
is cooled with liquid nitrogen (L-N3) and has to be pumped twice a year to maintain

a good vacuum environment inside.

The 4K Si bolometer detector is cooled with liquid helium (L-He), which re-
quires a more complicated preparation procedure. Before the transfer of L-He into the
bolometer, the detector has to be pumped until the vacuum level becomes better than
5x10~% Torr. Secondly, pre-cooling is done by transferring L-N, into the lower tank
of the detector. The materials used for the sensors in the low-temperature detectors
are basically semiconductors, which has an energy gap that opens at low temperature
and a dramatic growth of resistance as a temperature decrease takes place. Once the
bolometer is full of liquid N5, the resistance, monitored by a multimeter rises from
104 Q to 136 2. The upper tank should be filled with L-N, as well to provide a low
temperature environment for a successful L-He transfer later on. The L-Nj in the
lower tank is then blown completely out with He ga.s and the L-He is transferred
into the same tank immediately. As the can is filled with L-He, the resistance of the
bolometer climbs rapidly and finally arrives at a value about 900 2. The L-N; in
the upper tank has to be refilled every 9 or 10 hours to slow down the evaporation
rate of the L-He in the lower tank. Normally, the holding time of the L-He in the 4K

bolometer is as long as 40 hours.
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2.3 Transmittance Measurements

2.3.1 Setups of Transmission Spectrometry

The transmittance of the metamaterials were measured with the transmission
setups as shown in Figure 2.3 in the MIR spectral regime at the room temperature. In
order to accommodate the original reflection setups to transmission spectrometry, we
fabricate new sample holders to allow light to pass through and add a beam-focusing
chamber to the sample chamber to focus the transmitted light onto a MCT detector.
The sample holder for the transmittance measurements is also made of brass, but
has a counter-cone shape with a small hole in the center. The Si wafer with the
metamaterial patterns on it is loaded into the square space at the back of the sample
holder and the patterns are exposed to the incident light through the central hole.
The transmitted beam is focused on the detector by three of ZnSe spherical lenses
inside in the beam-focusing tube (about 9 cm in length). A piece of the Si wafer is

used as the reference.

2.3.2 Area Correction

The metamaterial patterns we studied have small areas less than 0.5 mm?.

In order to maximize the signal intensity, the hole in the sample holder has been
made a bit larger than the pattern area. Therefore, an area correction has to be taken
into account when calculating the transmittance of the patterns from the measured
spectra.

Take one of the split-ring resonators sample as an example, the area fraction

of the pattern to the whole illuminated area is f = 0.5. For an incident light with an
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Figure 2.3 Left panel: A schematic diagram of the setups for transmission measure-
ments. Right panel: The photographs of the sample stage for transmission
(Top) and the beam-focusing chamber to focus the transmitted light to

the MCT detector(Bottom).
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intensity of I,,, the intensity of the transmitted light through the sample is
I=1,x fxTxTg+ fxI,xTg, (2.3)

where T is the transmittance of the SRR pattern, Ts; = Ig;/I,, Is; the intensity of
the transmitted light through the Si reference. Therefore, the ratio of the measured
I and I, Si is

I

Tn=—=fx(T+1) (2.4)
Ig;

and finally the transmittance of the pattern is

poIm=f (2.5)

2.4 Infrared polarizers for anisotropic studies

In the polarization-dependent measurements on the anisotropic samples, i.e.,
the split-ring resonators and the YBa;Cu30g 35 single crystals, different infrared polar-
izers have been used to generate linearly polarized beams in different spectral ranges.
The rotation of the polarizer can be controlled within the Bruker program via a mo-
tor. Note that, the MIR polarizer has three strong absorption bands located around
720 cm™!, 1,460 cm~! and 2,800-3,000 cm™!, which give rise to the noises in those
frequency ranges in the reflectance and transmittance data. The first two absorption
bands are fairly narrow and the corresponding noise can be simply smoothed away.
The noisy part above 2,800 cm~! caused by the broad absorption band can be cut off,
since the NIR spectral region starts from 2,500 cm~! and the NIR polarizer has no
absorptions in this region. The visible polarizer cuts off the spectrum above 26,000

cm~ L.
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Chapter 3

Theory and Methods of Analysis

3.1 Introduction

This chapter includes three parts, the classical electromagnetic theory of the
optical response of solids, the analytical and numerical inversion techniques employed
to extract the electron-boson spectral functions from the optical data, and the way

of numerical simulations for the metamaterials.

3.2 Optical Response of Solids

3.2.1 Optical Parameters

As mentioned in Chapter 2, what we measure in the optical studies on the
single crystals of high-T, cuprates is essentially the reflectance spectra in a wide
frequency regime, which is macroscopic but can provide us with the microscopic
information of materials through classical electromagnetic theory. Here we only show

a concise derivation of the optical constants based on Maxwell’s equations. Detailed
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principles and derivations can be found in a number of books (Kittel, 1976, Fowles,
1989, Born and Wolf, 1999). Note that the situation discussed here is for non-magnetic
media, where y = 1. The following equations are in the CGS units.

The wave equation of light propagating in an isotropic dielectric material,
given by Maxwell’s equations, is

. ¢ 8E 4mo, OF

2  —— — — ——
VE=%%e TTa (3:1)

where E is the electric component of light, ¢; is the real part of the dielectric function,
o1 the real part of the conductivity, and ¢ the light velocity.

For a plane wave solution of Equation 3.1

—

E = Bpeilkmwt) (3.2)

we obtain a dispersion relation as

k=24/e 442 (3.3)
C w

The complex refractive index N is defined as

N—E%}Iﬁzn+in, (3.4)

where 7 is the index of refraction and & is the extinction coefficient. It is also known

that

N2 =€= €1+ ’i62, (35)

where €; and €, are the real and imaginary parts of the complex dielectric function é.

Alternatively, the complex refractive index N has another form in terms of the
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real and imaginary parts of the optical conductivity & = o1 + 109,
o 2 471-2. ‘ .
N* = € + ——(01 + i02), (36)

where €., = 1.
Therefore, we end up with the following relations between different optical
constants.
6 =n%—kK?, e =2k (3.7)

and
w

4

w
o = €2, g9 = '4—7‘-_(600 - 61). (38)

For a normal incidence in vacuum, as is the case in our experiments, the com-
plex reflection coefficient r obtained from th{: electromagnetic boundary conditions
is
E- N-1 n+ik—-1

E, N+1 n+is+1’ (3.9)

r=

where E; and E, are the electric fields of the incident and reflected waves, respectively.
If r is expressed by its amplitude R which is measured by experiment and

phase factor 0,
r = VRe®, (3.10)

the complex refractive index is determined by R and 6 through Equation 3.11

1-R —2v/Rsin 6

= . k= . 3.11
" 1+ R—2vRcosb K" 1+ R-2vVRcosf (311)

Furthermore, other optical constants, e.g. the dielectric function and the optical con-
ductivity can be derived in terms of R and 8 based on Equations 3.7 and 3.8. Note that

the optical constants are all frequency-dependent quantities. In fact, in reflectance
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spectroscopy we only detect the amplitude of the complex reflection coefficient, and
the phase factor is obtained through a Kranmers-Kronig relation as discussed in Sec-

tion 3.2.2.

3.2.2 Kramers-Kronig Relations

We are able to relate the real and imaginary parts of a response function of
a linear passive system, a(w) = a;(w) + ia2(w), by using the Kramer-Kronig (KK)

relations (Kittel, 1976),

2 * sap(s

o (w) =P /0 > i(w)st, - (3.12)
2w * oq(s

as(w) = —?PA Szl_(u))zds, (3.13)

where P represents the principle integral.

One of the most important applications of the KK relations is to find the phase
information of the complex reflectance coefficient r(w), which is a response function

between the incident and reflected waves.

T w? —w'?

O(w) = 2P /0 “hRW), . (3.14)

Note that the KK relation as in Equation 3.14 requires an integration from
0 to infinity. However, only a finite spectral range of reflectance can be obtained in
our experiments. Therefore, extensions of the reflectance data beyond the detectable

frequency region are needed.
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3.2.3 Low- and High- Frequency Extrapolations

For the low-frequency extrapolations, i.e. extrapolating the reflectance data at
the lowest frequency toward zero frequency, different models are used for insulators,

normal metals and superconductors.

In the case of insulators, the low-frequency reflectance is assumed to be con-
| stant towards DC, while for the normal metals, we apply the Hagen-Rubens approx-
imation

Rw) =1- Ayw. (3.15)

where A is a constant that can be determined by the low-frequency part of the
reflectance data. Equation 3.15 is a low-frequency approximation of the reflectance of a
Drude metal where the electrons are scattered by static defects, for w < 1/7 where 1/
is the scattering rate. The Hagen-Rubens approximation is used for the low-frequency
extrapolations for the normal states of HT'SCs; while for the superconducting states,
a 4th order approximation R(w) = 1 — A'w* is applied, which is the reflectance of a

system with a delta function conductivity at the origin.

1 we use the

Beyond the upper limit of our experiments, namely 40,000 cm™
reflectance data obtained using sync.hrotron radiation or high-energy electron energy-
loss spectroscopy. Data at a different doping levels (Romberg et al., 1990, Terasaki
et al., 1990) are employed between 40,000cm~" and 100,000 cm™?. There is not much
difference in reflectance of HTSCs in the UV range and a small shift of high-frequency
reflectance will not affect the optical conductivity spectra below 10,000 cm™!. Above

100,000 cm™1, a free carrier response, R = w“‘%, is assumed for all the HT'SC samples.
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3.2.4 Drude Model, Extended Drude Model and Drude-Lorentz

model
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Figure 3.1 The real and imaginary parts of the optical conductivity (a) and re-
flectance (b) of a typical Drude metal.
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The optical conductivity is of great importance in analyzing the optical data.
The earliest and simplest theoretical model that describes the behavior of the con-
ducting electrons in a metal was proposed by Drude in 1900. In the Drude model the
electron-electron interactions and the electron-ion core interactions are ignored. The
optical conductivity is given by,
i W

6(w) = -2 7 (3.16)

where w, denotes the plasma frequency and 1/7 is the scattering rate. In the Drude
model, only the elastic scattering of electrons from the lattice defects or impurities
are taken into account, thus the scattering rate is a constant and not frequency-
dependent. Figure 3.1 displays the optical conductivity of a Drude model and the
corresponding reflectance derived based on the relations among the optical constants

as mentioned in Section 3.2.1.

In a system where the electrons are strongly correlated, such as HT'SCs, the
Drude model does not apply. There are two analytical approaches that can be adopted
to describe the non-Drude like optical responses. One is the extended Drude model
and the other is the Drude-Lorentz model.

The extended Drude model is often used to describe the optical responses of
a correlated-electron system in the low frequency regime. The electron correlations
are described by two frequency-dependent pa.rﬁmeters, A(w) and 7(w), as in Equation

3.17,

w2

_ i 2
0W) = o M) F () (3.17)

where 1 + A(w) = m*(w)/m(w) is the ratio of the effective electron mass to the free
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electron mass. The optical self-energy P (w) = P(w) + iF (w) is defined as

—98P(w) = wA(w) = —%Im(ﬁ) —w, (3.18)
S

—25P(w) = @ = ERG(&(w))'

(3.19)
The frequency-dependent optical scattering rate 1/7(w) represents the inelastic scat-
tering process of the electrons from the bosonic collective excitations. In this thesis,

the analysis of the bosonic spectral function of the HTSC systems is mainly within

the extended Drude model frame work.

The Drude-Lorentz model ascribes the optical-activated excitations in solids
to a combination of free electrons and the bound carriers which are related to the
high-energy interband transitions. As shown in Equation 3.20, the dielectric function

is a summation of the Drude component and a series of Lorentz oscillators,

m—1 2
~ _ wpk
Ew)=1+ kE=0 F o —iw)ms (3.20)

where wy, is the resonance frequency which stems from the corresponding restoring
force (analogous to the spring force). The behavior of the free electrons is described by
the first term of the oscillators where k=0 and there is no restoring force, wy=0, which
is exactly the dielectric function derived from the Drude model. The rest of the terms
where k >0 are attributed to the bound electrons with higher resonance frequencies.
The Drude-Lorentz model enables us to assign the high-frequency optical responses to
the interband transitions, although the underlying physics of the transitions cannot
be resolved within this model. In this thesis, the Drude-Lorentz model is adopted to

quantitatively characterize the optical phonons in the highly underdoped YBCOg 35
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sample in order to generate phonon-free optical constants for further analysis.

3.2.5 Estimations of ez and w,

The estimations of the values of the ‘paxa.meters ey and w, are critical in
deriving the optical scattering rate. g by its definition is the contribution of the high-
frequency interband transitions to the dielectric function. The cutoff frequency which
separates the Drude component and the high-energy components has to be known.
However, the components are usually not Weu separated and one can approximately
find the cutoff frequency by extrapolating the room-temperature absorption coefficient
curve in a way proposed by Hwang et al. (Hwang et al., 2007a). As shown in Figure
3.2, we define the frequencyAwhere the absorption coefficient curve intersects with the

z-axis the cutoff frequency w,. Therefore, ey is defined as

120 | e a w’ '
€Eg = El(w)|w—.o =1 -+ _1r—(P ‘/‘:’c -u;,—;(——u)ﬁdw )Iw—»O- (3.21)

And the plasma frequency wy, is defined as

wp = | 222 / “o1(w)dw. (3.22)
0 .
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Figure 3.2 In this example the cutoff frequency w. is defined as the point where

a(w), the absorption coefficient of the low frequency Drude conductivity,
extrapolates to zero.
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3.3 Bosonic Spectra Extracted From Optical Scat-

tering Rate

3.3.1 Sharapov’s Formula (Model Fits)

We adopted an analytic formula derived by Sharapov et al. (Sharapov and
Carbotte, 2005), as mentioned in Section 1.2.1, to relate the optical scattering rate
with the electron-boson spectral function I?x(f2) of the normal states of highly un-
derdoped YBCOQg 35, as displayed in Equation 3.23.

.T(_w}’_T_) = g 0+°°d912x(9)/_;mdz[N(z—Q)+N(—z+9)]

x[np(Q) +1 - f(z - Q|[f(z —w) - f(z+w)] +

(3.23)

Telastic

where N(z) is the density of states (DOS) of the quasiparticles, ng(2) and f(z) are
Boson and Fermion occupation numbers, ng(Q) = 1/(e#? — 1), f(2) = 1/(e®* + 1)
and B = 1/(kgT). For the underdoped cuprate systems, N(z) is not constant in the
vicinity of Fermi levels for the normal states due to the presence of the pseudogap.
In our model, the DOS of the highly underdoped YBCOe.35 system is described by a
function as shown in Figure 3.3, a pseudogap plus a recovery right above the pseudo-
gap to conserve the DOS (Hwang et al., 2008b). The function form of DOS used is
given by
NG) = IV + 1= V10 = ) + [+ 255 (1 = NO))
X0(2py — |2)8(12] — Apg) + 0(12] — 2A,), (3.24)
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where 6(z) is Heaviside step function and « corresponds to the shape of the pseudogap.
One critical parameter in the DOS function is the size of the pseudogap Ay, which is
estimated to be 550480 cm™! for our sample of highly underdoped YBCQg 35 shown
in Figure 3.3, from a summary of the pseudogap energy scale as a function of hole

doping based on different experiments (Hiifner et al., 2008).
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Figure 3.3 The density of states of the quasiparticles in vicinity of the Fermi energy
for the normal states of the highly underdoped YBCOg 35.

In our model fits, the bosonic spectrum I?x(2) of YBCO is assumed to be
composed of a bosonic mode and a broad background, based on the corresponding
local magnetic spin susceptibility spectrum determined by neutron studies. Specific
functions are adopted to describe the mode and the background, which are given in
Chapter 5. By fitting the experimental curves of optical scattering rate with Equation

3.23, we determine the values of the unknown parameters in the functions of the mode
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and the background of I2x().

3.3.2 Maximum Entropy Inversion

As seen in Equation 3.23, the extraction of the bosonic spectral function
I2x(R) from the optical scattering rate 1/7(w) involves the inversion of an integral
equation. Besides the model fits, there are other inversion methods that can be used
(Schachinger et al., 2006), such as the second derivative method, the singular value
decomposition, and the maximum entropy method. Details about the maximum en-
tropy inversion technique can be found in a paper by Schachinger et al. (Schachinger
et al., 2006). Here, we only give a general deséription of this inversion method.

The method of inversion starts with a deconvolution of an approximate relation

1 —

—(—_?) /‘00 dQK (w, 2 T) 2 x (), (3.25)
Top\W; 0

where 7' (w; T') denotes the optical scattering rate and T is temperature. K (w, Q; T)
is a kernel that can be determined from theory. For the kernel of the normal states of
HTSCs, Shulga et al. extended Allen formula (Allen, 1971) to finite temperatures and
obtained an approximate form based on a full Eliashberg theory, (Carbotte, 1990),

w+Q

K(w,0T) = g[2w coth(%) —(w+9Q) coth(‘sz et

-Q
—)\. (3.26)

)+ (w — ) coth( 5

Equation 3.26 deals with the case where no pseudogap opens in the density of states.
And with n(2) taken as a constant in Equation 3.24, Equation 3.25 reduces to Equa-
tion 3.23. For the kernel of the superconducting states, Allen derived a formula within
the BCS theory which is appropriate for the superconducting transitions with s-wave

symmetry. For HTSCs that have d-wave symmetry of superconducting order para-
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meters, Carbotte et al. (Carbotte and Schachinger, 2006) revised Allen formula and

simulated the effect of d-wave in a first approximation,

Kw,T=0)= 2Uﬂ((w — D)(w + 2A0(9) — Q)E(‘ [1— é}A_(_%—(g))z)),g. (3.27)

In Equation 3.27, the size of the maximum of a d-wave gap, Ao(¥) = Agcos(29),
which reflects the d-wave symmetry, < - - >y represents an angular average over a
distribution of the d-wave superconducting gaps and E(z) denotes a complete elliptic
integral of the second kind. Since Equation 3.27 is for zero temperature, an approxi-
mation of the variation of Ay with temperature based on the BCS theory is adopted

for finite temperature cases.

The approach utilized to deconvolute Equation 3.25 is a maximum entropy
method (Carbotte and Schachinger, 2006) suggested originally by Jaynes (Jaynes,
1957). This method is based on a discretization of the integral in Equation 3.25 and
provides the most likely solution of 72y ({2) within the constrain that I2y(Q) >0 based
on the Bayesian probability theory. The most uninformative prior probability distri-
bution in Bayes’s theorem is given by the maximum entropy prior in the particular
case discussed here. The electron-boson spectral function I?x(f2) obtained from the
deconvolution is further refined within the frame of a full Eliashberg formulism and
based on a least-square fit of the calculated optical scattering rate to the experimental

data .
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3.4 Numerical Simulations for Metamaterials

3.4.1 Calculations of S-Parameters

The simulations of the S-parameters (i.e., the complex reflection and trans-
mission coefficients, Si1, Si2, 921, S22) and the} surface current densities of the meta-
materials are performed by using a finite elemé,nt method with a commercial software
High-Frequency Structure Simulator (HFSS)!<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>