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1

Introduction

The phenomenon called superconductivity was observed more than a century ago by

H. Kamerlingh Onnes when he cooled down the mercury and observed the abrupt

decrease of its resistivity [1]. Over the years many elemental superconductors had been

reported, but the class that we refer as high temperature cuprate superconductors had

been discovered by Bednorz and Müller after 75 years later from the first observation

[2]. Later on, another class of high temperature superconductors had been discovered

in iron-based compounds [3], namely the iron-pnictides. Today we have tremendous

amount of experimental data for both cuprates and iron-pnictides, however, not so

deep understanding how the superconductivity beyond the BCS theory [4] occurs in

these materials. How we can explain the high temperature superconductivity and the

unusual behaviors in these materials is still an open question. The main topic of this

thesis is the charge dynamics of the cuprate high temperature superconductors in the

normal and the superconducting state revealed by the optical spectroscopy.

Superconductivity in cuprates arises in the two-dimensional CuO2 planes as a com-

mon behavior to all cuprate families. Parent compounds in these materials are anti-

ferromagnetic Mott insulators. With hole doping to the system, the antiferromagnetic

order is quickly suppressed and the superconducting state can be observed as a dome

that gives a maximum around 16% hole doping. This doping level is referred as the

optimally doped region. The lower doping region is called underdoped region, while

the higher doping region is ascribed as the overdoped region. The overdoped region

(especially highly overdoped region) is close to the Fermi-Liquid state, however, the

underdoped region of the phase diagram is rather unconventional. The general behav-
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1. INTRODUCTION

ior of the cuprate superconductors and the electronic phase diagram is discussed in

Chapter 2.

Pseudogap region dominating the underdoped region of the phase diagram is one of

the biggest questions in the cuprate superconductors’ research. Despite the intensive

study, the origin of the pseudogap, as well as its relation with the superconductivity is

still under debate. There are theories that explain the pseudogap as the precursor of

the superconductivity, while the others explain this state as a di↵erent competing order

to the superconductivity. Especially increasing experimental evidence towards another

defined state as the precursor superconductivity supports the conclusions about the

pseudogap as a competing order, as well. In Chapter 2, the experimental and theoretical

discussions about the pseudogap and the precursor state are summarized in a manner

that leads to our motivation, as well. Chapter 2 will also describe the general c-axis

optical properties of cuprates as a background of our study.

Optical spectroscopy is one of the powerful tools to investigate the charge dynamics

in these materials. It is very sensitive to the charge gaps, therefore, it is a commonly

used technique. We can obtain the energy dependent carrier lifetime and e↵ective mass.

It is a bulk sensitive technique in contrast to the other two very important techniques

in HTSC research, angle resolved photoemission spectroscopy (ARPES), and scanning

tunneling microscopy spectroscopy (STM). Optical conductivity in a general sense is

not a momentum dependent measurement like ARPES. However, in certain cases we can

observe a momentum dependent behavior, as well, even though it is a weighted average

over the Fermi surface. In this thesis Fourier transform infrared (FTIR) spectroscopy

had been used in experiments. The fundamentals of this technique, as well as the basic

data analysis are given in Chapter 3. Moreover, we chose to perform c-axis optical

study as this thesis topic.

Temperature dependent reflectivity measurements on one of the well known cuprate

system YBa2Cu3Oy had been performed as the topic of this thesis. The pseudogap be-

havior had been investigated where the measurement range expands from underdoped

region to the overdoped region that includes several doping levels. A systematic study

of Zn-substitution had also been performed as a controlled impurity, where the super-

conductivity is suppressed, as a result, the pseudogap and the superconductivity related

features had been observed more clearly. Briefly, in this thesis, it has been shown that

the pseudogap state that dominates the underdoped region of the phase diagram is not

2



the precursor of the superconductivity, moreover, it coexists with the superconduct-

ing state even below T c. Furthermore, the pseudogap reaches to the quantum critical

point in the overdoped region of the phase diagram. Although the pseudogap is not

the precursor state, it is possible to find a precursor state of the superconductivity that

is placed above the superconducting dome with a rather unusual behavior. This state

is not only the existence of the Cooper pairs without long-range phase coherence, but

also a state where the actual superconducting regions can be embedded into the normal

regions as an inhomogeneous superconducting state. The details of the experiments,

data, and results are shown in Chapter 4. And finally the conclusions are given in

Chapter 5.
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1. INTRODUCTION
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2

High Temperature Cuprate

Superconductors

2.1 General Properties of Cuprates

When Bednorz and Müller discovered the superconductivity in a compound La-Ba-Cu-

O in 1986, it was considered as a breakthrough in the research of the superconductivity.

This leads to the discovery of the other cuprate superconductors, and immediately the

transition temperature of the synthesized materials reached to the liquid nitrogen tem-

perature. Today the maximum transition temperature of the cuprate superconductors

changes from 35 K for La2�xSrxCuO4 to 138 K for Hg1�xTlxBa2Ca2Cu3Oy (the highest

record under normal pressure, which extends to ⇠ 160 K at high pressure) [5].

2.1.1 Crystal structure

As a common property, all cuprate superconductors have a layered perovskite structure

that consists of alternating conducting CuO2 layers and insulating blocking layers that

provide charge carriers to the CuO2 layers. Even though this is the general scheme,

the numbers of the CuO2 layers are di↵erent in di↵erent cuprate families. In Fig. 2.1,

as an example to 1-, 2-, and 3- layer cuprate families had been shown.

In this thesis, we worked with double layer YBa2Cu3Oy system, because the addi-

tional structures, namely the CuO-chains in this system give some advantage in our

measurements by increasing the conductivity along the c-axis.

5



2. HIGH TEMPERATURE CUPRATE SUPERCONDUCTORS

Figure 2.1: Crystal Structure of cuprates - Crystal Structure of 1- (La2�x

Sr
x

CuO4

[6]), 2- (YBa2Cu3Oy

[7]), and 3- (Hg1�x

Tl
x

Ba2Ca2Cu3Oy

[5]) layer cuprates.

YBa2Cu3Oy is a system, where the charge doping can be adjusted with oxygen

annealing. And this material belongs to the hole doped case, where we will show the

electronic phase diagram in the next section. In cuprates, it is also possible to create

hole doping in the system with substituting positive ions by ions of smaller valence,

such as Sr2+ to La3+ sites in La2�xSrxCuO4. Zn-substitution that been used in this

study, on the other hand does not alter the doping level.

2.1.2 Phase diagram

Phase diagram of the cuprate superconductors can be divided into two as the electron

doped and the hole doped side. In Fig. 2.2, phase diagram of the hole doped and

electron doped cuprate superconductors had been shown. The electron doped case is

not the topic of this thesis; therefore, the hole doped side of the phase diagram will be

explained in more detail.

The so-called parent compound in cuprates (for instance non-doped YBa2Cu3O6 for

YBa2Cu3Oy, hole concentration is zero) is an antiferromagnetic Mott insulator. The

6



2.1 General Properties of Cuprates

Figure 2.2: Phase diagram of the cuprate superconductors - Phase diagram of the

cuprate superconductors.

Néel temperature is around 350 K. With hole doping to the system, the antiferromag-

netic insulator state is rapidly suppressed and around 5% doping superconductivity

starts to be observed.

The superconducting dome is another common behavior among the cuprate families,

even though the transition temperature di↵ers greatly from around 35 K to 138 K. The

maximum T c will be observed around 16% doping level that is referred as the optimally

doped region.

The doping region between 5% and 16% is called the underdoped region. The

normal state of this region is the strange metal region, which is characterized by the

pseudogap. Although this region is metallic in the normal state, it cannot be defined

with as the conventional Fermi liquid region, hence it is referred as the strange metal

region.

Pseudogap region, where a partial gap in the density of states at the Fermi surface

had been observed by several experimental probes, is one of the issues in the phase dia-

gram. The pseudogap state strongly dominates the underdoped region with a behavior

that is mostly agreed among di↵erent probes. On the other hand, some debates still

continue about the behavior in the overdoped region. Pseudogap state is one of the

7



2. HIGH TEMPERATURE CUPRATE SUPERCONDUCTORS

main topics of this thesis in Chapter 4.

Beyond the optimum hole doping region, system is referred as overdoped. In the

overdoped region system is getting closer to the Fermi-liquid state. In the heavily

overdoped regime, it can be defined with the conventional Fermi-liquid theory.

2.1.3 Electronic structure of cuprates

Figure 2.3: Electronic structure of the cuprate superconductors - (a) Schematic

picture of the CuO2 plane in the parent compound and in the case of hole doping. (b)

Schematic diagram for the energies of Cu 3d and O 2p orbitals. (c) Hybridization of Cu

3d and O 2p orbitals.

It is well known that the superconductivity arises in the CuO2 planes in the cuprate

superconductors. Cu atoms are surrounded by six oxygen atoms creating an octahedral

form (Fig. 2.3 (a), here the apical oxygens has not been shown). In this case the Cu

band is half filled with a single hole that has spin 1/2. The Jahn-Teller distortion of

this octahedral form (due to the apical oxygens) leads a splitting in the Cu energy

states to eg (dx2�y2 and d3z2�r2) (Fig. 2.3 (b)), where the highest partially occupied d

states is the dx2�y2 . Oxygen p states also split and a hybridization of these states will

8



2.1 General Properties of Cuprates

be observed (Fig. 2.3 (c)). Thus the electronic state of the cuprates can be described

by the three-band model including the Cu dx2�y2 and O px and py [8, 9].

Due to the partially gapped d -band, band structure calculations predict that the

system is a metal, however, the parent compound of the cuprates shows insulating

behavior (Mott insulator). It is insulating because the Coulomb repulsion U (a few

eV between upper and the lower Hubbard band) on the Cu-sites are larger than the

bandwidth. More precisely these compounds can be classified as the charge transfer in-

sulators, because the lowest energy excitations, charge transfer excitations, are smaller

than the on-site Coulomb repulsion, U.

It is believed that many aspects of the physics of the cuprates can be explained

with a single band Hubbard model [10], which contains a kinetic energy term, t, and a

Hubbard term, U. Here t is proportional to the nearest neighbor hopping amplitude and

U defines the electron correlations. In the strong coupling limit at half filling (parent

compound), where U � t, electrons tend to localize, hence we observe the insulating

behavior. Since we have a localized system, as one unpaired electron on each unit cell

with the spin +1/2 or -1/2, the configurations of the neighboring electrons determine

the stability of the system. The antiparallel order of the spins is the chosen state,

since this state allows the electrons to penetrate other sites with exchange process. In

the parallel ordering, the exchange mechanism is prohibited due to the Pauli exclusion

principle and there is no gained energy (J ). Under this circumstances the hamiltonian

of the system can be defined with the t-J model and given as:

HHubbard = �t

X

i,j,�

c

†
i�cj� + J

X

i,j

(~Si · ~Sj �
ninj

4
) (2.1)

Here, J is the exchange energy, which also includes the Coulomb term. ~

Si and ~

Sj are

the spins in the site i and site j. When we start to dope holes to the Mott insulator, the

situation becomes rather complicated. In the low doping level (non-superconducting

state), when the kinetic term becomes dominant in one site, the electrons become

itinerant. However, if the electron transferred to a vacant site has the spin with the

same order with the neighboring site, the exchange energy will be destabilized, while

the electronic energy will be stabilized. The condition between J and t will determine

the result.

9



2. HIGH TEMPERATURE CUPRATE SUPERCONDUCTORS

With further hole doping (the region that we start to see the superconductivity)

the antiferromagnetic order loses its stability and system starts to become metallic

and superconductive. The Hubbard gap starts to close and with further doping it

closes completely and a well-defined Fermi surface will be formed. In this case, the

system shows Fermi-liquid behavior. However, there is no consensus about the elec-

tronic structure in the intermediate region, between the two extreme points. There are

some theories, which try to explain this intermediate region with doped Mott insulator

scenario, while others suggest that the di�culties seen in this region can be solved with

modifications on Fermi-liquid theory (modified Fermi-liquid approach).

Although the BCS theory successfully explains the microscopic features for the

conventional superconductors, it is quite insu�cient to explain those of the high-

temperature superconductors. Nevertheless, there is not a generally established theory

for these materials. It seems that not only the superconducting state but also other

regions of the phase diagram show interesting and unusual features. Therefore, the

microscopic theories proposed for HTSCs are expected to explain these regions, too.

There have been many theories proposed over the years. Some of these theories can be

given as: Resonating Valance Bond (RVB) theory [11, 12], Spin fluctuations [13, 14]

and Inhomogeneity induced pairing [15]. However, none of these theories can explain

the phase diagram of the cuprate high temperature superconductors.

2.2 Pseudogap and Precursor Superconducting State

2.2.1 Pseudogap state

Pseudogap state has been observed by many experimental probes as the partial gap

in the Fermi surface. In this section, a summary will be given on the techniques that

presented the pseudogap behavior in the high temperature cuprate superconductors.

Despite the variety of the probes and experiments, the origin of the pseudogap and

its relation with the superconducting region is still controversial. Although there are a

variety of theories, it seems they can be summarized in two main ideas: The one that

explains the pseudogap as a precursor of superconductivity, and the other that presents

this state as the competing order to the superconductivity.

The first technique that observed the existence of the pseudoap was the nuclear

magnetic resonance (NMR) probe. The spin channel can be observed with this probe.
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2.2 Pseudogap and Precursor Superconducting State

Therefore, this had been used as the evidence that the pseudogap is a spin density

wave. On the other hand, the pseudogap had been observed in a charge channel, as

well. The optical conductivity, which is the topic of this thesis, is one of these probes.

Figure 2.4: Pseudogap in NMR Knight shift and spin-lattice relaxation rate -

(a) Cu Knight shift and (b) Cu relaxation rate for YBa2Cu3O7�y

with y = 0 (optimally

doped) and y = 0.37 (underdoped) [16].

Pseudogap had been observed in Knight shift, K s and spin-lattice relaxation rate,

1/T 1. Both the Knight shift and the relaxation rate show a decrease below T c indi-

cating the superconducting transition. Some examples are shown in Fig. 2.4 for two

di↵erent doping levels, namely for the optimally doped and for the underdoped region.

For the optimally doped sample the decrease of the Knight shift and relaxation rate

below T c is observed. For the underdoped sample, on the other hand, the behavior is

dramatically di↵erent. The decrease of K s and 1/T 1 start well above T c, that is even

decrease to its 20% above T c. This had been attributed to the pseudogap behavior.

The data in Fig. 2.4 belongs to the Cu ion. However, it has been shown that a similar

behavior was also observed for other ion sites such as 89Y, as well [17].

The ARPES measurements pointed out that the pseudogap dominates the antinodal

region of the Fermi surface. Therefore, to use a momentum dependent technique is an

advantage. The pseudogap had been observed for many cuprate families with ARPES.

Bi-systems among them are the ones that were extensively studied. Due to the surface

11



2. HIGH TEMPERATURE CUPRATE SUPERCONDUCTORS

Figure 2.5: Temperature dependence of ARPES intensity that demonstrates

the pseudogap behavior - (a) Temperature dependence of ARPES spectra (b) Sym-

metrized ARPES spectra [18].

conditions these systems are the most suitable ones. In Fig. 2.5, the temperature de-

pendent ARPES spectra are shown for the Bi2Sr2Ca2Cu3O10+� sample in the antinodal

region. As can be seen more easily from the symmetrized spectra (Fig. 2.5(b)), the gap

closes at temperatures above T c.

Some other ARPES results were also discussed in terms of the pseudogap behav-

ior below the superconducting transition temperature. The sharp peak in the spectra

had been associated with the superconducting gap. Moreover, the broad feature at

the higher energies was attributed to the pseudogap. Two di↵erent energy scales sup-

port the scenario of two di↵erent gaps. Features of the superconducting gap and the

pseudogap have been given in Fig. 2.6.

Moreover, some recent experiments showed that the gap function of the underdoped

samples deviates from the d -wave form near the antinodal region, as is shown in Fig. 2.7.

This can be explained if we assume that the pseudogap e↵ect on the superconducting

gap is getting stronger with underdoping (where the pseudogap is strong). Therefore,

the observed gap function in the antinodal region is not only the superconducting gap,

but also the e↵ects of the pseudogap. This explanation is based on the two gap scenario.

Pseudogap behavior was also observed in the transport measurements. One of the
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2.2 Pseudogap and Precursor Superconducting State

Figure 2.6: Pseudogap and superconducting gap in the symmetrized ARPES

spectra - A low-energy peak associated with superconductivity (SC) and a broader feature

at higher energy associated with the pseudogap (PG) [19]. This data belongs to underdoped

sample.

Figure 2.7: Momentum dependence of the superconducting gap function - Dop-

ing dependence of the momentum dependent SC gap function of Bi2Sr2CaCu2O8 [19].

Dashed lines are the simple d -wave function.
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most extensive studies on the pseudogap behavior in the in-plane resistivity had been

performed by Ando et al. [20]. They measured the in-plane resistivity of series of

cuprate families over the very wide doping range of the phase diagram. In Fig. 2.8 the

data of YBa2Cu3Oy are presented. By using these resistivity data, Ando et al. map

the in-plane resistivity curve. Furthermore, they define the pseudogap behavior as the

inflection point of the resistivity curve (where the second derivative of T is zero). As

a result, the pseudogap temperature derived with this method becomes the diagonal

white line on the phase diagram (Fig. 2.8(c)).

Figure 2.8: Inplane resistivity curvature mapping - Doping dependent in-plane

resistivity curves (a, b) and the resistivity curve mapping (c) [20].

Another way to define the pseudogap behavior has been recently proposed by Naqib

et al. [21] on out-of-plane resistivity. In Fig. 2.9, the out-of-plane resistivity data for

YBa2Cu3Oy are shown. Black curves are the proposed theory based on the t-J model

calculations with some modifications. The fitting function is also on this figure. Here

the first term defines the linear temperature-dependence, whereas, in the second term, �

is a variable that depends on the c-axis tunneling matrix element and electronic density

of states at high energies outside the pseudogap region. Eg defines the pseudogap energy.
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2.2 Pseudogap and Precursor Superconducting State

Figure 2.9: Out-of-plane resistivity and theory of pseudogap - Doping dependent

out-of-plane resistivity curves [21].Black fittings are obtained by theory. Red curve on

p = 0.123 and the arrow with T ⇤ is plotted by additionally to demonstrate the earlier

interpretation of the pseudogap in the out-of-plane resistivity, although this method is also

consistent with the temperature obtained by this theory.

If we know the pseudogap energy, then we can convert it to temperature as T

= Eg/kb. This conversion has been done for both YBa2Cu3Oy and Ca-substituted

YBa2Cu3Oy (with Ca-doping we can achieve more overdoped region than the case of

Ca-free samples). Results are given as a phase diagram in Fig. 2.10. As can be seen from

this figure, for the most overdoped sample (nearly 19%), the pseudogap line crosses the

T c dome and goes to the quantum critical point. This will indicate that the pseudogap

is not a precursor of superconductivity, but an independent order. On the other hand,

despite the improved explanations, in-plane and out-of-plane resistivity curves give

significantly di↵erent temperature scales for T ⇤ (in-plane case 30-40% lower than out-

of-plane). This can be explained with the explanation that the in-plane resistivity is

sensitive to the nodal region of the Fermi surface, while the out-of-plane resistivity is

sensitive to the antinodal region. In this case, it assumes that the pseudogap gradually

opens from the antinodal region towards the nodal region with lowering temperature.

Our optical data are mostly consistent with out-of-plane resistivity data.

The pseudogap behavior in the infrared spectra will be given in the next chapter in

detail.

15
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Figure 2.10: T
c

and T ⇤ obtained from out-of-plane resistivity - Doping dependent

out-of-plane resistivity curves [21].Black fittings are obtained by theory.

2.2.2 Precursor Superconducting State

Precursor superconductivity has been discussed by many experimental groups. Even

though previously the pseudogap state was considered as a precursor of superconduc-

tivity, recent experimental results were of a favor of di↵erent order scenario. On the

other hand, di↵erent experimental probes reported the existence of the superconduct-

ing fluctuation regime, yet, there is no consensus about the temperature region and

doping dependence of these states.

One of the first experiments that reported the existence of a new temperature

region in the phase diagram was Nernst e↵ect measurement [22]. Nernst signal and

the temperature dependence are shown in Fig. 2.11. Nernst signal shows a tilted-hill

behavior that is generic to the cuprates. In the Nernst experiment, the flow of vortices

and antivortices with the applied temperature gradient generates signals with opposite

signs. Therefore, the Nernst signal will pick up vorticity. The existence of vortex state

can be explained even if the long-range phase coherence disappears with the thermally

generated vortices and antivortices. On the other hand, the pair amplitude of the

Cooper pairs persists up to very high temperatures. In Fig. 2.12, the region with the

enhanced Nernst signal is shown.

Another method that proposed the existence of the precursor superconductivity

is the ARPES measurements [23]. Previously, the continuous evolution of the gap
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Figure 2.11: Nernst signal of cuprates - Nernst signal of La2�x

Sr
x

CuO4 in the un-

derdoped region (a). The Nernst signal also given for this sample. The appearance of the

Nernst signal starts well above T
c

(b) [22].

Figure 2.12: Enhanced Nernst signal region for La2�x

Sr
x

CuO4 - The doping

dependence of the Nernst signal for La2�x

Sr
x

CuO4. Similar behavior also observed for

other cuprates [22].
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Figure 2.13: Indication of the precursor superconducting state in ARPES mea-

surement - Weighted contributions of the pseudogap and the precursor superconducting

state to the ARPES spectral weight. Doping dependence of this state has been given in

the bottom panels [23].

Figure 2.14: Doping dependence of the precursor state obtained by ARPES

measurement - The doping dependence of the precursor state and the pseudogap state

[23].
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2.2 Pseudogap and Precursor Superconducting State

feature from superconducting region to the pseudogap had been interpreted as that the

pseudogap and superconducting gap have the common origin. On the other hand, the

detailed spectral weight analysis of the ARPES signal showed another scale in between

T ⇤ and T c (Fig. 2.13). The doping evolution of this new scale is also straightforward.

With decreasing doping level, it has been found that this temperature scale is increasing

and clearly shows a di↵erent behavior from the pseudogap one. The contributions of the

pairing state (T pair) and the pseudogap on to the spectral weight is shown on the phase

diagram in Fig. 2.14. It has been mentioned in this study that the pairing-amplitude

and the phase fluctuations are equally important below T pair. Therefore, we cannot

interpret this scale as the classically explained superconducting fluctuation regime.

Both ARPES and the Nernst e↵ect measurements show fairly good consistency

among them. They both give a precursor state that decreases with increasing doping

and extends up to 3-4 T c as a temperature scale. They are also consistent with other

probes such as diamagnetism measurements. If this contribution indeed originates

from superconductivity, then it might be explained with a phase separated state [24]

or unusually fast vortices [25, 26]. The later one was theoretically proposed, however,

such kind of experimental observation has not been reported. Other experiment groups,

such as microwave and terahertz, on the other hand, reported a temperature scale that

follows the doping dependence of the T c dome and only extends up to close vicinity of

T c.

Terahertz in-plane transmittance measurement was performed on La2�xSrxCuO4

cuprate thin films over the entire phase diagram. The superfluid density was calculated

by using the imaginary optical conductivity. In Fig. 2.15, the doping dependent variable

(related to the superfluid density) as a function of temperature is plotted. As it will be

explained later in this thesis, in the result and discussion part, this data also include

a normal carrier component. Since the samples are metallic, a Drude component of

the normal carriers should be considered in this variable. On the other hand, THz-

time domain measurements can only be performed in a low energy (limited) region.

Therefore, to determine the normal carrier component is not an easy job and was not

done here. Hence, the rapid changes of this variable were taken into account as the

indication of the appearance of the superfluid density. The rapid changes were traced

with the second derivative of this variable with respect to the temperature.
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Figure 2.15: Superfluid density along in-plane of the cuprates revealed by

THz-time domain spectroscopy - Doping dependent superfluid density curves of

La2�x

Sr
x

CuO4 [27]. Stars are T
c

values, while circles define the precursor state. Right

panel shows the obtaining method of the precursor state.

Analysis in this study showed that the observed region can be explained with usual

Ginzburg-Landau formalism [28]. On the other hand, it is significantly di↵erent from

what was observed in diamagnetism [29] or Nernst e↵ect [22] measurements. A general

view has been plotted in Fig. 2.16. One possibility to this discrepancy is that the probes

like diamagnetism, etc. might be sensitive to something other than superconductivity.

Furthermore, there might be two di↵erent kinds of fluctuations, while one of them

greatly contribute to the magnetism, the other one may contribute to the conductivity.

A convincing explanation has yet to be found.

Microwave measurements also reported similar results to that of THz measurements.

In principle, these two methods are similar, where the microwave measurement is more

confined to the low energy. However, to obtain the superfluid density (imaginary optical

conductivity), we have to assume some theoretical work and analysis. These make the

situation more complicated [30].

2.3 General Optical Properties of Cuprates

2.3.1 In-plane and c-axis optical properties

In the last three decades many cuprate families have been discovered. Even though the

chemical composition and structure of these families greatly di↵er from each other, they
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Figure 2.16: Precursor superconductivity state revealed by THz-time domain

measurements - Phase diagram of La2�x

Sr
x

CuO4 [27]. Comparison with other probes

also given. Precursor state does not extend up to very high temperatures and follow T
c

dome.

all have common copper oxide planes, where the superconducting current flows, and a

metallic response can be observed within those planes. Transport along the c-axis, on

the other hand, is significantly di↵erent from the in-plane one. It is incoherent in the

normal state and originates from the hopping between the copper oxide planes, which

gives rise to a semiconducting behavior along the c-axis. Below the critical temperature,

system becomes superconducting along the c-axis due to the Josephson coupling of the

conducting planes. Therefore, the conductivity along c-axis is orders of magnitude

smaller than the conductivity in planes. In Fig. 2.17 the di↵erence between c-axis and

in-plane transport can be seen clearly. These results belong to one of the prototypical

cuprate superconductor YBa2Cu3Oy for several oxygen concentrations (y).

The optical properties of cuprates also greatly di↵er in between in-plane and out-

of-plane directions. At high energies both spectra reflect the intraband transitions. At

low energies, we can observe Drude like behavior along the in-plane of cuprates that

reflects the metallic behavior. The electronic component along the in-plane conductivity

is very strong, and therefore, the contributions of the phonon e↵ects are di�cult to

be observed (many cases they are wiped out in the electronic component) and very

weak. In contrast, the c-axis conductivity is dominated by phonon modes with a weak
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Figure 2.17: Doping dependent resistivity - inplane and c-axis - Doping dependent

resistivity of YBa2Cu3Oy

for (a) in-plane and [31] (b) c-axis directions [32].

electronic component. In Fig. 2.18, the generic behaviors of optical conductivity for the

in-plane and out-of plane polarization are given. There are many interesting properties

of the in-plane response of the cuprate superconductors. But the main topic of this

thesis is related with the c-axis properties. Therefore, from now on the general behavior

in this polarization will be discussed in more detail.

In-plane conductivity shows metallic behavior over the wide doping region and for

all the superconducting samples, c-axis on the other hand, semiconducting for the

samples with lower doping. It becomes metallic for the optimally doped and overdoped

samples. For YBa2Cu3Oy (this sample is special) the c-axis conductivity is higher

compared to the other cuprates due to the crystal structure of the YBa2Cu3Oy, where

we know the existence of the CuO chain structure in addition to the Cu2O planes.

Therefore, the hopping between the planes becomes easier due to the chain structures.

In YBa2Cu3Oy and another class of cuprate YBa2Cu4O8 that has a double chain struc-

ture, c-axis conductivity is relatively higher than in the other cuprates. In Fig. 2.19,

optical conductivity at the optimally doped region is given for a single-, double-, and

trilayer cuprate family. As can be seen from this figure, YBa2Cu3Oy has the highest
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Figure 2.18: Inplane vs. c-axis optical conductivity - Doping dependent optical

conductivity of YBa2Cu3Oy

for c-axis (left panel) and inplane (right panel) direction.

conductivity among the cuprates at the same doping level. For instance, the c-axis

conductivity at the optimally doped region for YBa2Cu3Oy is one order of magnitude

higher than the La2�xSrxCuO4 at the same doping level. This is one of the reasons

why we chose YBa2Cu3Oy system to work with in this study, where the details will be

explained further in later chapters.

2.3.2 Pseudogap and superconducting gap behavior in c-axis optical

spectrum

The pseudogap state has been observed by many spectroscopic probes as discussed

in Ref. [36]. Optical spectroscopy is an especially powerful probe because it can

clearly distinguish a superconducting gap from the insulating gaps. In particular, the

c-axis polarized optical spectrum is very sensitive to the electronic density of states

in the antinodal region [37, 38] of the Fermi surface near (0, ⇡) and (⇡, 0), where the

pseudogap has a strong e↵ect, while a major pseudogap e↵ect on the in-plane spectra

is the reduction of the carrier scattering rate [39]. Therefore, it is possible to observe

the pseudogap state more easily in the c-axis conductivity (�1,c(!)) than in the a-axis

one (�1,a(!)).

In Fig. 2.20 the optical conductivity spectrum for an under doped YBa2Cu3Oy is

shown. T c of this sample is approximately 70 K. This graph clearly demonstrates the

suppression of the low energy optical conductivity that starts much above the super-
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Figure 2.19: Comparison of the c-axis optical conductivity for several cuprate

family - Optical conductivity of single layer La2�x

Sr
x

CuO4 [33], double layer YBa2Cu3Oy

[34], and trilayer Bi2Sr2Ca2Cu3O10 [35].
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conducting transition. In Fig. 2.20(b), the phonon modes are subtracted; therefore, it

is easier to see this suppression. Moreover, in the inset of the graph, the conductivity at

50 cm�1 normalized with respect to the room temperature conductivity (open circles)

is given.

Figure 2.20: Pseudogap behavior in the c-axis optical conductivity - Optical

conductivity of underdoped YBa2Cu3Oy

(T
c

= 70 K) [40]. (b) shows the same plot after

subtracting the phonon modes. Inset: the conductivity at 50 cm�1 normalized with respect

to the room temperature conductivity (open circles) together with Knight shift (solid line).

The suppressed spectral weight in the low energy region will be transferred to

the high energy region in the pseudogap state. In Fig. 2.21(a), the transfer to the

high energy region can be seen. In the superconducting state, on the other hand,

the low energy optical conductivity is suppressed and it is transferred to the �(0).

Fig. 2.21(b) shows the superconducting gap behavior. As can be seen from the figure,

the low energy conductivity decreases and is lost from the spectrum. The absorption

like structures pointed by the arrows in the graph are the structures ascribed to the

transverse Josephson plasma (TJP) mode that will be explained in the next section.

In Fig. 2.21(c), the low energy spectral weight has been calculated which shows the
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continuous suppression of the low energy conductivity starting from the pseudogap

temperature, T ⇤ and continues below T c.

Figure 2.21: Pseudogap and superconducting gap in the c-axis optical conduc-

tivity - spectral weight calculation - Optical conductivity of underdoped NdBa2Cu3Oy

(T
c

= 85 K) [41]. (a) High energy transfer with pseudogap opening. (b) Behavior of the

superconducting state (Low energy suppression without high energy transfer). (c) shows

the spectral weights of specific energy region, 0 - 800 cm�1.

2.3.3 Superfluid density in c-axis optical spectra

The most significant behavior of the superfluid density in the c-axis optical spectrum

is the formation of the Josephson plasma edge in the reflectivity spectrum. In Fig. 2.22

the behavior of the Josephson plasma resonance is given for La2�xSrxCuO4 for several

doping levels. With superconducting transition, the reflectivity at high frequencies

starts to drop, which forms a dip and then at lower frequencies it reaches to unity.

With decreasing temperature and with increasing doping level, this dip position shifts

to the higher energy region. For La2�xSrxCuO4 sample this edge position is confined
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below 100 cm�1, on the other hand for YBa2Cu3Oy it might be as high as 300 cm�1.

This edge is called Josephson plasma edge, because the study of the doping evolution,

etc. led to the conclusion that this feature originates from the Josephson coupling

between the CuO2 planes.

Figure 2.22: Doping dependent Josephson plasma edge - Doping dependent Joseph-

son plasma edge of La2�x

Sr
x

CuO4. With increasing doping level, the edge position shifts

to the higher energies [42].

As mentioned previously, the superconducting carriers are condensed to the �-

function at zero frequency, and therefore, the spectral weight that is associated with

this �-peak defines the superfluid density. The density of the condensed electrons can be

defined with the penetration depth. A detailed characterization regarding the electro-

dynamics of the superconducting state will be explained in Chapter 3, optical constants

section. However, it has been shown that in the case of a Josephson array like c-axis

dynamics, the penetration depth can be explained with the relation: ��2
c /�c [43, 44],

where indeed this relation had been observed for the c-axis case of the cuprates for a

wide doping range. In Fig. 2.23 the general behavior of the panetration depth is shown
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for several cuprate families. Please note that the penetration depth is calculated from

the missing area of the real part of the optical conductivity in this case. Some other

theoretical explanations are also proposed [45, 46, 47, 48].

Figure 2.23: Penetration depth vs. dc conductivity curve of cuprates - Doping

dependence of the penetration depth with respect to dc conductivity for cuprates [49].

2.3.4 Transverse Josephson plasma (TJP) resonance mode

As mentioned previously, c-axis optical conductivity is dominated by the phonon modes

at low energy region and reported for many cuprate families. As the superconducting

response, the low energy optical conductivity is suppressed and the lost spectral weight

is transferred to the �-function at zero frequency. However, for some of the cuprates,

a broad absorption peak was observed around ⇠ 400 cm�1 - 500 cm�1. Even though,

in early studies it has been thought as a phonon mode, in reality it is too broad to

be a phonon mode. Later on van der Marel and coworkers proposed an explanation

[50] that takes into account of a geometrically separated consecutive metallic layers

as shown in Fig. 2.24. There are two di↵erent Josephson junctions resonating in the

interbilayer and intrabilayer part of the unit cell, which introduces a new transverse

mode at finite frequency region in addition to the bulk plasma mode at zero frequency.

In this explanation two or more metallic layer compounds are predicted to show an
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absorption at finite energy region. Indeed, it has been observed for many multilayer

cuprate families (two and three layer). Moreover, if the system has alternating di↵erent

blocking layers, even if the system has only single layer, the TJP resonance mode can

be observed (Like in SmLa1�xSrxCuO4�d [51]).

Figure 2.24: Schematic of intra-bilayer and inter-bilayer formation in the crys-

tal structure - In multilayer compounds the alternating planes causes the TJP mode

[41].

This model is very successful to explain the growth of a broad peak in the c-axis

spectra, and it can explain the observed phonon anomalies. Especially, the phonon

mode resulting from the in-plane oxygen and Cu bending mode is highly a↵ected by

the TJP resonance. Originally, this mode was assigned to Josephson currents, and it

was thought to appear at T c, like the Josephson plasma edge. However, later on a

careful examination of this mode and the phonon anomalies showed that, in reality

it starts to appear at temperatures much higher than the T c [52], and it has been

attributed to the preformed Cooper pairs as a precursor of superconductivity [41, 53].

In Fig. 2.25 the evolution of the absorption peak related to the TJP mode is shown.

Beside the observed anomalies on the phonon modes, TJP mode has a complicated

behavior. For instance, it has been found that the TJP mode can split in the existence

of the phonon modes [54]; some impurity doping such as Zn to Cu sites in the planes
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Figure 2.25: Transverse Josephson plasma resonance in the c-axis optical spec-

trum - Evolution of the TJP mode in the c-axis optical spectrum [52].

can suppress this mode; and in the existence of a magnetic field TJP mode can be

suppressed. Moreover, it has been shown that the observed frequency range of the TJP

mode is not always the same energy range, but it changes with changing the doping

level [52, 55]. This is in a sense is reasonable, since the Josephson plasma edge also

shifts in energy region with doping. This is the indication of the change of the superfluid

density, just like the Josephson plasma edge. Nonetheless, during the data analysis, it

is necessary to be careful.

2.3.5 Impurity e↵ect on c-axis optical properties

It might be preferred to study impurity free systems, when we try to understand the

fundamentals of a phenomenon, since introducing impurities may have complicated

e↵ects on the observed properties. However, controlled impurities will allow us to

obtain some desired properties that may help us to understand the phenomena more

easily. Some e↵ects of impurities on cuprate superconductors were studied, and in this

section these studies done on c-axis optical properties will be summarized.

Impurity e↵ects can be classified into two groups: e↵ects on normal state properties

and e↵ects on superconducting state properties. The most common, impurity e↵ect on
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Figure 2.26: Impurity e↵ect on Josephson plasma frequency - Behav-

ior of the Josephson plasma edge with Zn-substitution for YBa2(Cu1�x

Zn
x

)3Oy

and

La2�x

Sr
x

Cu1�z

Zn
z

O4 [56].

high temperature cuprate superconductors is the gradual suppression of T c. Significant

e↵ects are observed also in the c-axis optical properties.

The first change in the spectrum is the shift of the Josephson plasma edge to the

lower energy region. In Fig. 2.26 this e↵ect is shown for the two cuprate families. This is

an expected behavior, since Josephson plasma is the signature of the collective motion

of the superconducting carriers in the reflectivity spectra; hence the edge position is

related with the superfluid density. Impurities act as pair breakers and decrease the

superconducting carrier density, causing a shift of the Josephson plasma edge [56].

Secondly, a change in the TJP resonance mode was observed for the Zn-substituted

systems. The softening of the phonon modes related with the TJP resonance mode

was also recovered for the Zn-substituted samples. Even though some phonon modes

become slightly asymmetric, this di↵erence is negligibly small. This is also surprising

especially because the splitting of the phonon band with disorder is expected. In

Fig. 2.27, the e↵ect of impurity doping on to TJP mode has been shown.

Another impurity e↵ect on the spectrum can be observed in the overdoped region

of the phase diagram. A low energy absorption, so-called residual conductivity at lower

energies than the superconducting condensation energy, is observed for many cuprate
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Figure 2.27: Impurity e↵ect on Transverse Josephson plasma mode - Behavior of

the transverse Josephson plasma resonance with Zn-substitution for YBa2(Cu1�x

Zn
x

)3Oy

.

TJP mode is suppressed gradually with increasing Zn-content [57].

Figure 2.28: Impurity e↵ect on c-axis properties in the overdoped region -

Increase of the residual conductivity with impurity doping [58, 59].
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families [60, 61] ( Fig 2.28 [58, 59]). The residual conductivity was observed for both

in plane and c-axis polarization. It seems that this behavior is intrinsic to the cuprates

in the overdoped region. This can be related to the electronic inhomogeneities due

to phase separation or pair-breaking occur with the carrier-overdoping. In addition

to the intrinsically observed overdoping e↵ect, it is also pointed out that the residual

conductivity is increasing with impurity substitution [62], which can be discussed in

terms of disorder-induced pair breaking e↵ects.

2.4 Aim of This Study

Despite the variety of the experimental probes and the work done on the pseudogap,

there are many questions remained about the content of the pseudogap. The relation

of pseudogap with superconductivity; the behavior of the pseudogap in the super-

conducting region, and the overdoped regime of the phase diagram, still needs to be

investigated. In this thesis, the controlled impurities were used to obtain some answers

in addition to a systematic doping dependent study. The pseudogap region has been

investigated over a wide doping range, in a wide energy region (essential for datailed

analysis), and with smaller temperature intervals. So far there has been no system-

atic study for Zn- and carrier-doping dependence of the c-axis optical spectra, which

satisfies all the conditions above.

Moreover, the precursor superconductivity idea should be revisited with more accu-

rate analysis of the data. This motivated us to measure the high and low energy optical

spectra for a series of crystals that is thick along c-axis enough for accurate analysis.

In many cases, it was di�cult to obtain such big crystals; hence measurements were

di�cult.

Finally, although there are some reports about the kinetic energy driven supercon-

ductivity in cuprates for which some pieces of evidence were given by the results of the

c-axis infrared spectroscopy, there is no report on this issue for the impurity introduced

samples. This systematic study will provide some insight to this topic, as well.
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Experimental Procedure

3.1 Samples

To obtain large homogeneous single crystals with a good quality surface along c-axis

is relatively di�cult process, compared to the ab-plane surface. Samples used in this

study were grown with a pulling technique [63]. Sample sizes were approximately 2.5

mm2 in the ac-plane, and the Zn concentrations in the samples were homogeneous,

which can be seen with a sharp superconducting transition (Fig. 3.1). Superconducting

transition temperatures of the samples are determined with dc susceptibility measure-

ments. Susceptibility measurements are performed on samples, that the FTIR mea-

surements are performed. The magnetic susceptibilities of the samples are obtained

with the Magnetic Property Measurement System Superconducting Quantum Inter-

ference Device (MPMS SQUID) with applied 10 Oe magnetic field and with the zero

field cooling (ZFC) method. In ZFC configuration, the sample is cooled down below

the superconducting transition temperature without applying any magnetic field and

at low temperature a magnetic field is applied. Then the magnetization of the sam-

ple will be measured with a temperature sweep under a constant magnetic field. T c

values are determined as the middle of the transition curve, and the width �T c of

the superconducting transition was estimated by the 10-90% criterion of the transition

curve.

All the samples are placed in a tube furnace with an alumina boat and the tube

is sealed with glass fibers to keep the temperature stable inside the furnace. Samples

are annealed under 100% oxygen flow at specific temperatures for each doping level.

35



3. EXPERIMENTAL PROCEDURE

Figure 3.1: Zn- and doping dependence of dc magnetic susceptibility - Magnetic

susceptibility of the samples used in measurements. Please note that, the FTIR spec-

troscopy of the p = 0.16 of x = 0.012 and 0.04 had not been measured. These data has

been given for comparison.
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3.1 Samples

Temperature is raised to the desired temperature quickly (within 15-20 min.) and

kept at that temperature for 2-3 weeks that is depend on the doping level. The mini-

mum annealing time depends on the sample size and the doping level that we want to

achieve. At higher doping region, samples are annealed at low temperatures; therefore,

it is necessary to anneal the samples longer time. For the low doping samples, we

use high temperature annealing, where the oxygen di↵usion becomes easier, hence the

annealing time is decreasing. Annealing temperatures are determined from the anneal-

ing temperature vs. oxygen concentration curve that is given by the Jorgensen et al

[64]. Zn-substitution to the Cu site does not alter the oxygen concentration; therefore,

the annealing conditions to obtain the same doping level were the same as the Zn-free

samples. We annealed the Zn-free and Zn-substituted samples together to keep the

annealing condition in the maximum accuracy. After the annealing is finished, samples

are quenched into liquid nitrogen. For small samples a copper plate can be used as

the quenching environment, as well. However, in our case the samples are quite big,

therefore, it is di�cult to cool them down to the room temperature quickly with the

copper plates, hence, liquid nitrogen has been chosen. If the cooling rate is low, the

oxygen concentration in the system changes very quickly, and it becomes di�cult to

obtain the wanted doping level.

Previously an empirical formula has been proposed to determine the doping level

of the cuprates with a known T c, as is given in Eq. 3.1. However, this empirical

formula does not work for all the cuprate systems. For instance YBa2Cu3Oy, used in

this study, shows a plateau region around 1/8 doping level. Therefore, the T c vs doping

level p curve significantly deviates from the empirical formula as can be seen in Fig. 3.2.

Instead of using the empirical formula we determined the doping levels of the samples

by the literature values [65], which has been evaluated from the relation between the

c-axis lattice constant vs oxygen concentration. Since the doping levels do not change

with Zn-substitution, we determined the doping level of the Zn-substituted samples

based on the Zn-free ones. This determination works well, since we can see a specific

behavior in the optical conductivity, that will be explained in later chapters. The

annealing conditions, T c values with the transition width �T c and the corresponding

doping levels are given in Table 3.1.

Tc

Tc,max
= 1� 82.6⇥ (p� 0.16)2 (3.1)
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3. EXPERIMENTAL PROCEDURE

Table 3.1: Zn-content (x ), doping level (p), T
c

, transition width �T
c

and annealing

condition

Zn-content (x ) Doping Level (p) T
c

(K) �T
c

(K) Annealing condition

0 0.17 92 0.5 450 �C, 5 weeks

0 0.16 93.5 0.5 500 �C, 3 weeks

0 0.145 89 0.5 540 �C, 3 weeks

0 0.137 81 2 580 �C, 3 weeks

0 0.13 71 3 625 �C, 2 weeks

0 0.11 61 3 675 �C, 2 weeks

0 0.06 15 7 740 �C, 2 weeks (in nitrogen flow)

0.007 0.16 82 1 500 �C, 3 weeks

0.007 0.137 64 4 580 �C, 3 weeks

0.007 0.13 53 6 625 �C, 2 weeks

0.007 0.11 43 7 675 �C, 2 weeks

0.012 0.137 53 5 580 �C, 3 weeks

0.012 0.13 37 5 625 �C, 2 weeks

0.012 0.11 29 7 675 �C, 2 weeks

0.04 0.17 40 2 450 �C, 5 weeks

0.04 0.13 non superconducting 625 �C, 2 weeks

The Zn-contents, x, of the samples are determined from the work of the Masui et

al [66]. Zn content vs. maximum T c curve is prepared by using their data, where

the amount of Zn is determined with the inductively coupled plasma (ICP) analysis

(Fig. 3.3). And then from the linear fitting of the data the Zn-contents have been

decided for the samples that are used in this study.

Flat, mirror-like surfaces are necessary for the infrared measurements. The samples

are polished with the Al2O3 powders gradually as fine as 0.3 µm prior to the annealing.

After annealing, before the reflectivity measurements, a final polishing is performed

with 0.3 µm Al2O3 powders to obtain clean surface before the measurements. The T c

of the samples are checked after the final polishing performed and the sample is placed

on the sample holder by using silver paste.
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Figure 3.2: Doping level vs T
c

curve of YBa2Cu3Oy

. Solid symbols

are experimental results, while the red

dashed curve is the empirical formula

for YBa2Cu3Oy

[65].

Figure 3.3: Zn content vs. maximum

T
c

curve of YBa2Cu3Oy

. Open sym-

bols are from [66], close symbols are the

samples that are used in this study.

3.2 Principle of the Fourier Transform Infrared (FTIR)

Spectroscopy

Infrared radiation is the region that lies between the microwave and the visible region

of the electromagnetic spectrum. Electromagnetic radiation interacts with material in

di↵erent ways and di↵erent phenomena can be observed for the light propagating the

material such as refraction, scattering, interference, and di↵raction. Infrared spectra

are based on the transitions between quantized vibrational energy states. Samples in

all phases of matter can be studied with infrared spectrometry.

FTIR (Fourier Transform InfraRed) spectrometers have a dominant position for

the measurements of infrared spectra. In FTIR spectrometry, all the wavelengths are

measured at all times during the measurement (the multiplex or Fellgetts advantage).

Moreover, more radiation can be passed between the source and the detector for each

resolution element (the throughput or Jacquinots advantage). Due to these advantages,

transmission, reflection and emission spectra can be measured significantly faster and

with higher sensitivity with FTIR, compared to prism or grating monochromator.

The design of many interferometers used for infrared spectrometers today is based

on the two-beam interferometer originally designed by Michelson in 1891. Moreover,
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3. EXPERIMENTAL PROCEDURE

Figure 3.4: Schematic of a Michelson interferometer - Schematic of a Michelson

interferometer.

Figure 3.5: Schematic of an interferometer of monochromatic light - Schematic

of an interferogram of monochromatic light.
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some other two- beam interferometers also have similar basics. A schematic of this

interferometer is shown in Fig. 3.4. The Michelson interferometer is a device that

can divide a beam of radiation into two paths and then recombine them after a path

di↵erence is introduced. The variation of intensity of the beam emerging from the

interferometer is measured as a function of path di↵erence by a detector.

Figure 3.6: Schematic of an interferogram of polychromatic light - Upper panel:

Interferogram for a light source with two wavelength. Bottom panel: Interferogram for a

polychromatic light.

A detailed explanation regarding to the interferometers has been given in Ref. [67].

If we consider a monochromatic light, the obtained intensity will be given as a function

of the displacement of the moving mirror. The split light reflected from the fixed and

moving mirrors will produce a destructive interference when the wavelength of the light

source is equal to m�, while they exhibit constructive interference when the wavelength

of the light source is equal to (m+ 1
2)�. Therefore, we will observe an interferogram as

presented in Fig. 3.5. Here m is an integer.

In FTIR spectrometer, a polychromatic light source is used, hence we can obtain all

the information of all wave numbers at the same time. In this case the interferometer

can be shown as in Fig. 3.6 for a two-wavelength light source and a polychromatic
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light source. Please note that these are for an ideal light sources obtained for the

infinite mirror displacement. In reality we can measure the interferogram only for a

finite mirror displacement. Therefore, an apodization function will be used beyond the

measured displacement.

After an interferometer has been obtained by taking the Fourier transform of this

interferometer, we can obtain the power spectrum. Comparing the power spectrum

of the sample with that of background gives us the spectrum of the sample in the

measured energy range.

3.3 Experimental Details

3.3.1 Fourier Transform Infrared (FTIR) system

In our laboratory, we perform spectroscopic measurements with a Bruker Vertex 80V

Fourier transform infrared spectrometer. By utilizing a series of di↵erent sources, beam-

splitters, and detectors, we can measure an energy range from 20 cm�1 to 20000 cm�1.

Above this energy region up to ⇠ 350000 cm�1, the spectra were measured in UVSOR

(Ultraviolet Synchrotron Orbital Radiation) facility, Okazaki, JAPAN. In Fig. 3.7, the

relative positions of the used light sources, beamsplitters, and detectors are illustrated

with a general view to the FTIR system. The system control and measurements are

done with OPUS software program.

Figure 3.7: Schematic view of Bruker 80V FTIR system - Schematic view of Bruker

80V FTIR system.
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In this system, the light emitted from one of the sources passes through the aperture

and the filter, then sent to the beamsplitter. After the path di↵erence is introduced, it is

redirected to the sample space, and finally reaches the detector. In our measurements

we use the reflectivity configuration, therefore, the light should be reflected at the

sample surface after the beamsplitter. In Fig. 3.8, we plot the schematic picture of the

sample space for the reflectivity measurements. We use an external aperture before the

sample, to adjust the spot size according to our sample size. Then the reflected light

is polarized to perform axis dependent measurements (polarizer information has been

given in Table 3.3). Moreover, by using the s-polarization, we eliminate the additional

reflection component (in the present case in-plane component). A second aperture

cut the window reflections of the cryostat, where the details are given later. In each

temperature measurement, we measure a spectrum of a reference mirror, preferably

reflective 100% in the chosen energy region as a background to our sample. Then we

measure the sample spectrum. During this process, the optical path should be identical

for both of the reference mirror and the sample. Therefore, the positions and angles of

these two surfaces are checked by a He-Ne laser during the measurement.

Figure 3.8: Schematic view of sample space - Schematic view of sample space.
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We perform our measurements in five energy region, where the details are given

in Table 3.2. The power spectra of each energy region are shown in Fig. 3.9. The

overlapping energy regions in each measurement range allow us to obtain a continuous

spectrum over the whole energy range.

Table 3.2: Light sources, detectors, and beamsplitters used in measurements

Region Measurement range Light source Beamsplitter Detector

Far infrared 1 20 ⇠ 120 cm�1 Mercury Lamp Mylar 50 µm 1.7 K Bolometer

Far infrared 2 50 ⇠ 600 cm�1 Mercury Lamp Mylar 6 µm 4.2 K Bolometer

Middle infrared 550 ⇠ 5000 cm�1 Globar Lamp Ge/KBr DTGS

Near infrared 3500 ⇠ 10000 cm�1 Tungsten Lamp Si/CaF2 InGaAs Diode

Visible 9000 ⇠ 20000 cm�1 Tungsten Lamp UV/CaF2 Silicon Diode

Figure 3.9: Power spectra of the di↵erent energy regions used in measurements

- Power spectra of the di↵erent energy regions used in measurements. These curves were

obtained with 1 cm�1 spectral resolution.

3.3.2 Low temperature measurements

The low temperature measurements have been performed in a He-flow cryostat of which

the schematic view is given in Fig. 3.10. To avoid the absorption of the environmental

gasses, we need to perform our measurements in vacuum. Moreover, to achieve the

low temperature measurements, we need a higher vacuum condition that requires to

isolate the sample space from the rest of the system. Therefore, we close the system

with inner and outer windows. We give the relevant information in Table 3.3. Appro-

priate windows have been chosen to the measurement range, since the specific windows

are transparent only for the specific energy ranges. Some of the windows, like the
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quartz ones, are crystal quartz window. Therefore, even though they transmit the light

with high e�ciency, they also reflect some portion. Moreover, we also observe multiple

reflections between samples and the windows, as well. These might a↵ect the spec-

trum greatly in some conditions; therefore, we cut these reflections by using a second

aperture.

Figure 3.10: Schematic view of the cryostat - Schematic view of the cryostat.

Table 3.3: Windows and polarizers used in measurements

Region Inner windows Outer windows Polarizer

Far infrared 1 polypropylene polypropylene polyethylene wire grid

Far infrared 2 polypropylene polypropylene polyethylene wire grid

Middle infrared Zn-Se KBr KRS-250 wire grid

Near infrared quartz quartz Glan-Taylor prism

Visible quartz quartz Glan-Taylor prism
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3.3.3 Reflectivity measurements

The reflectivity measurements are performed in five di↵erent energy regions from 20

cm�1 to 20000 cm�1. Measurements at each temperature are performed with 256-

512 scans. Moreover, measurement at each temperature is repeated several times (3-5

times). The repetition of the measurements at each energy region allows us to specify

an error bar in this energy range. Moreover, we can also define another error bar in

the overlapped energy regions for di↵erent measurement ranges. The overall error in

the reflectivity is chosen as the highest error calculated in the measurements (from

the repetition of the same energy range or from the overlapped regions). The error

bars are calculated with the same way for each temperature separately. As a result,

the maximum error in our reflectivity measurements is better than 0.4%. In Fig. 3.11,

the spectra measured for each energy region and the overlapped part for the di↵erent

energy regions are given for a chosen sample as an example. Errors in measurements

are determined with the spectral weight calculations of the used range of the spectra.

The regions for which the spectral weights are calculated were shown with the vertical

lines and the calculated errors for each spectrum is given on the corresponding graph

as percentage.

The optical conductivity spectra are determined with the Kramers-Kronig trans-

formations from the measured reflectivity spectra, where the formalizations are given

in the next section. Errors in the optical conductivities (real and imaginary) and su-

perfluid densities are determined with the recalculations from the reflectivity spectra

after the errors are included. One of the recalculated spectra for the real and imagi-

nary optical conductivity, as well as the superfluid density is given in Fig. 3.12. In the

next chapter, the temperature dependence of the superfluid densities is given with the

error bars in Fig. 4.21. As can be seen from the figures, the errors on the calculated

superfluid densities have no e↵ect on the obtained temperature scales.

3.4 Optical relations

The interaction of electromagnetic radiation with matter is based on the calculations

that are derived from Maxwell’s equations. The interaction of the material with light

can be defined with response functions. Complex dielectric function ✏̂ and complex

conductivity �̂ can be taken into account as the prime response functions that describe
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3.4 Optical relations

Figure 3.11: Determination of the errors in the reflectivity measurements - The

errors in each energy scales had been determined from the spectral weight di↵erence of the

repeated measurement in the same energy range (a-e). The error of the connection of the

di↵erent energy scales are also determined from the spectral weight di↵erence between the

di↵erent energy scales that is calculated for the overlapped energy region of the spectra

(f-i). The dotted lines are the limits where the spectral weight calculations had been done.

These regions show the reliable part for the each energy region.
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3. EXPERIMENTAL PROCEDURE

Figure 3.12: Determination of the error in optical conductivity - Optical con-

ductivity has been determined from the reflectivity measurements with Kramers-Kronig

transformation. After the calculated error bar is added to the reflectivity, the optical con-

ductivity recalculated with the same method. And the di↵erence between two calculations

are determined as the error on the optical conductivity.

the response to the applied electric field. These response functions contain both dissi-

pation (real part) and phase (imaginary part) information. The general considerations

that can be used to derive important relations between these real and imaginary parts

of the response functions are given by Kramers and Krönig [68, 69]. These are called

Kramers-Krönig relations (KK relations). It is possible to set series of relations between

the real and the imaginary parts of the several response functions. For instance these

relations for the complex dielectric function can be given as Eqs. 3.2, 3.3, 3.4:

✏̂(!) = ✏1(!) + i✏2(!) (3.2)

✏1(!)� 1 =
2

⇡

P

Z 1

0

!

0
✏2(!0)

!

02 � !

2
d!

0 (3.3)

✏2(!) = �2!

⇡

P

Z 1

0

✏1(!0)

!

02 � !

2
d!

0 (3.4)

Usually the normal-incidence reflectivity R(!) spectra are obtained experimentally

and the real and the imaginary parts of the complex dielectric function are calculated
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from this reflectivity value. Both ✏1(!) and ✏2(!) depend to an unknown phase of the

complex reflectivity r̂(!) (Eq. 3.5).

r̂(!) =
1�

p
✏̂(!)

1 +
p
✏̂(!)

=
p
R(!)exp(i✓(!)) (3.5)

Here ✓(!) is the phase, in other words the imaginary part of the complex reflectivity,

while R(!) is the real part of the complex reflectivity response function. R(!) is

experimentally measured, and we can calculate the phase with KK relations as Eq.

3.6.

✓(!) = �2!

⇡

P

Z 1

0

ln

p
R(!0)

!

02 � !

2
d!

0 + ✓(0) (3.6)

Once we have the real and imaginary components of the complex reflectivity func-

tion, we can obtain the complex dielectric function and its components, as well, by

using the Eq. 3.5.

Moreover, we can obtain the complex optical conductivity and its components, as

well, by using the equations 3.7 and 3.8.

�1(!) =
!✏2(!)

4⇡
(3.7)

�2(!) =
(1� ✏1(!))!

4⇡
(3.8)

3.5 Fitting of the Reflectivity Spectra

As can be seen from the KK relations, these relations require data set from zero fre-

quency up to infinity. Such kind of measurement is not possible in reality. Therefore,

we need to consider some extrapolations beyond our measurement limits. These ex-

trapolations can be chosen in di↵erent ways depending on the measurement sample. As

mentioned previously, c-axis optical spectra of the cuprates are dominated by phonon

modes. Therefore, in the normal state, Lorentz oscillators (for phonon modes) and a

Drude component (for the weak electronic background) had been used to fit our ex-

perimental data (Dielectric function given in Eq. 3.9). In the superconducting state,

instead of Drude, two-fluid fitting with Lorentz oscillators was chosen (Dielectric func-

tion given in Eq. 3.10). The fitting results were used as the low energy extrapolations
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(Below 20 cm�1). At high energy region (above 40 eV) free carrier approximation

had been used as an extrapolation (R(!) / !

�4). Low energy fittings are shown in

Fig. 3.13.

Figure 3.13: Low energy fitting of the reflectivity used for extrapolations - Low

energy fitting of the reflectivity used for extrapolations.
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Here !p is the plasma frequency that can be defined as !

2
p = ne

2
/✏0m. � is the

damping term. !0,j is the resonance frequency of the phonon oscillators.
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Here fs and fn are the superconducting and normal carrier volume fractions, re-

spectively. fs + fn = 1

The extrapolation values of the optical conductivity to the zero frequencies also

confirm that our fittings are reasonable. dc conductivity values can be compared di-

rectly with the dc resistivity values (1/⇢dc = �dc). In Fig. 3.14, the dc resistivity values

obtained with the extrapolations of our �1(!) to the zero frequencies are given for the

Zn-free samples (symbols) for several doping levels. The dc resistivity curves are also

plotted for some of the samples. We chose the resistivity curves of the samples, which
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3.5 Fitting of the Reflectivity Spectra

have the closest T c to our samples; nonetheless, there might be 2-3 K T c di↵erences

between the resistivity curves and our samples. The T c of the optimally doped sam-

ple is the only one that exactly matches to our sample. In the lower doping regions,

the physical properties of the system changes rapidly, but, be that as it may, our ex-

trapolation values show a reasonable agreement with the dc resistivity measurements.

Moreover, our extrapolation values show a gradual change with doping.

Figure 3.14: Comparison of the dc resistivity data with the optical conductivity

extrapolations - Comparison of the dc resistivity data with the optical conductivity

extrapolations to the zero frequency. Resistivity data are taken from [34]. There might be

2-3 K T
c

di↵erences between samples used in this study and the samples that the resistivity

data belong to.

With Zn-substitution, although the in-plane resistivity and the residual resistivity

are gradually increasing, it has been shown that the c-axis resistivity does not change

significantly. In Fig. 3.15, a comparison of the in-plane and c-axis resistivity as a

function of Zn-content is shown [70]. Other groups also report similar Zn-insensitive

behavior along the c-axis direction for lower doping region [56]. In Fig. 3.16, we plotted

the extrapolation values of the optical conductivity to the zero frequency for several

doping levels for several doping levels.
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Figure 3.15: Zn-substitution e↵ect on in-plane and c-axis resistivity - Zn-

substitution e↵ect on in-plane (a) and c-axis (b) resistivity. (c) shows the absolute values

of the resistivity at 273 K as a function of the Zn-content for in-plane and c-axis resistivity

[70].

Figure 3.16: c-axis resistivity obtained from the extrapolation of the optical

conductivity - Doping and Zn-dependence of the c-axis resistivity obtained from the

extrapolation of the optical conductivity.
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Results and discussion

4.1 E//c-axis Optical Measurements

YBa2Cu3Oy system is one of the cuprate families, where significant amounts of study on

the c-axis properties were presented. In this study, we extend the energy region (both

lower and higher energy region), and decrease the temperature steps for measurement,

therefore, we could make a more precise discussion on the observed properties. In this

section, I will give some general insight to the observed optical properties of YBa2Cu3Oy

and Zn-substitution e↵ects with the comparison to the other studies. In the later

sections, more detailed discussion on the observed properties with new observations

will be given.

4.1.1 Doping dependent optical spectra of YBa2Cu3Oy

Overall features

As mentioned previously, YBa2Cu3Oy has relatively higher conductivity along c-axis

than the other cuprate families. In Fig. 4.1(a) the room temperature reflectivity spectra

up to UV energy region are presented for several doping regions. In the optimally doped

regime, the electronic component can be clearly seen as the continuous increase towards

the zero frequency (Drude component), even though the spectrum is dominated by the

phonon modes. With decreasing doping the electronic component is getting weaker.
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Figure 4.1: Doping dependent room temperature reflectivity of YBa2Cu3Oy

-

Doping dependence of the room temperature reflectivity of YBa2Cu3Oy

. (a) The reflectiv-

ity spectra for three chosen doping level is shown up to high energy region. Weakening of

the Drude component can be seen. (b) Low energy spectra is shown for all doping levels.

Phonon modes can be seen clearly. The evolution of the apical oxygen modes also can be

seen as a function of doping.

Phonons

As reported in previous studies [71], we can observe five main phonon modes in the

optical spectrum in the overdoped region. The lowest phonon mode around 150 cm�1

is ascribed to the out of phase displacement of the Ba to the in-plane Cu and the

vibration of the Ba against the chain Cu. With decreasing doping level, this mode

splits and it is possible to see these two more clearly. This splitting occurs due to

the two inequivalent Ba-sites with and without the chain site oxygen. The phonon

mode around 200 cm�1 is due to the Y vibrations. The phonon modes around 280

and 320 cm�1 are described as the in-plane oxygen bending mode. With decreasing

doping these phonon modes also merge and shift to a little higher energy region due

to the orthorhombic to tetragonal phase transition in the low doping region. The

320 cm�1 phonon mode has been discussed in terms of anomalies. Other phonon

modes do not show very significant changes with temperature, except the sharpening

with decreasing temperature as expected. On the other hand, this phonon mode is

significantly reconstructed with temperature, especially in the superconducting state.

The last phonon modes around 550 and 620 cm�1 are due to the apical oxygen modes.
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4.1 E//c-axis Optical Measurements

In high doping region we only see the low energy mode in a very strong way, while in

the low doping region, the low energy phonon mode disappears and the higher energy

phonon mode becomes stronger. In the intermediate doping levels, we observe both

phonon modes, the relative intensities are changing, depending on the doping level. In

Fig. 4.1(b), the doping dependence of these phonon modes can be seen. The splitting

of this phonon mode is due to the motion of the apical oxygen between the in-plane

Cu and chain Cu sites. Two frequencies for the apical oxygen mode imply the presence

of two environments, namely, with and without the chain-site oxygen. Moreover, the

intensity ratios of these phonon modes strongly depend on the oxygen concentration

in the system. Therefore, these two phonon modes can be a good measure in our

measurement to see that the doping levels of the Zn-free and Zn-substituted samples

are the same or not. Since Zn-substitution does not alter the oxygen concentration, we

expect these phonon modes to be similar in both Zn-free and Zn-substituted samples.

Figure 4.2: Doping dependent reflectivity of YBa2Cu3Oy

in the superconduct-

ing state - Doping dependence of the low energy reflectivity of YBa2Cu3Oy

at 10 K. (a)

Arrows represent the Josephson plasma edge. These values had been obtained with the

two fluid fittings of the reflectivity. (b) Focus on the TJP mode region

Josephson plasma

When the system becomes superconducting, the reflectivity spectra show significant

changes (Fig. 4.2(a)). First of all in the low energy region, we start to observe
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the Josephson plasma resonance. This is due to the collective motion of the super-

conducting carriers and does not give any feature to the optical conductivity, indi-

cating that this is not a superconducting gap. The Josephson plasma frequency is

closely related to the superconducting carrier concentration with the following rela-

tion: !ps,screened = !ps/
p
✏1. Here !

2
ps is proportional to the superfluid density (ns).

!ps,screened is the frequency of the Josephson plasma edge. With decreasing doping

level, the edge shifts to the lower energy region, indicating the decrease of supercon-

ducting carrier concentration. Superfluid density of this system had been calculated

by several groups. In Fig. 4.4 we compare our results with previously published data

[56]. Our results show an excellent agreement with the previous results. During our

calculations, ✏1 was determined by the fitting of the reflectivity spectrum as 22.

Figure 4.3: Doping dependent transverse Josephson plasma mode - Doping de-

pendence of the transverse Josephson plasma mode of YBa2Cu3Oy

. Insets show the dif-

ference spectra of the same plots. Arrows indicate the TJP mode. The shift of the mode

and the splitting can be seen.
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Transverse Josephson plasma

Another important feature in the superconducting state spectrum is the broad absorp-

tion around 400 - 500 cm�1 (Fig. 4.2(b)). This structure has been attributed to the

transverse Josephson plasma (TJP) resonance. It is easier to see the behavior of this

mode in the optical conductivity. At high doping region, this mode starts to appear at

high energies, and gradually shifts to the low energy region. Moreover, in the existence

of the phonon modes, it splits. In Fig. 4.3, the doping dependence of the TJP mode is

plotted.

Figure 4.4: Doping dependence of the Josephson plasma frequency of

YBa2Cu3Oy

- Doping dependence of the Josephson plasma frequency of YBa2Cu3Oy

is given with the published data by Fukuzumi et al. [56]. Datum for the lowest Tc sample

(open square) is the expected value based on the dashed line plotted on this graph. These

data shows that our fittings are reasonable and reproduced. Zn-dependence of the p =

0.13 is also plotted here. The shift of the JP edge to zero frequency with Zn-susbstitution

can be seen. Please note that for this doping level x = 0.04 is not superconducting.

Furthermore, with the appearance of this mode, we also observe the softening of the

oxygen bending mode. It was also shown that the TJP mode starts to appear at higher

temperatures than T c [52, 72]. Then, it was proposed that the appearance of the TJP
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mode is the precursor of the superconductivity. However, it is di�cult to observe this

mode directly from the optical conductivity above T c since the contribution is very

weak. However, the softening of the oxygen bending mode is very clear. Therefore, it

is a suitable way to trace the softening of this phonon mode to see the temperature

dependence of the TJP resonance. In Fig. 4.5 we presented the doping dependence of

the frequency of the oxygen bending mode. These frequencies were obtained from the

raw reflectivity data. It can be seen that the decrease of the phonon frequency (namely

the softening) starts to appear at high temperatures, compared to T c. Moreover, the

temperature that we start to see the softening also shifts to the higher temperatures

with decreasing doping level. These results are consistent with the previously presented

results [72].

Figure 4.5: Doping dependence of the oxygen bending mode in YBa2Cu3Oy

-

Doping dependence of the 320 cm�1 phonon mode for YBa2Cu3Oy

. Plots had been shifted

to show all the doping levels on the same plot. The arrows show the temperature that the

softening started. This is associated with the appearance of the TJP mode.
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4.1.2 Zn-substitution e↵ects on optical response

So far we presented the general remarks on the c-axis optical study of the YBa2Cu3Oy

system. In this part we will discuss the general properties of the Zn-substituted sys-

tems. Zn is a well known non-magnetic impurity that causes pair breaking in the

system, hence suppresses the superconductivity. The e↵ects of Zn-substitution on the

superconductivity have been investigated by many experimental probes. In optical

spectrum we also see very clear e↵ects of the Zn-substitution.

When we compare the spectra at room temperature for the Zn-free and the Zn-

substituted samples, we observe that the spectrum does not change significantly. In

Fig. 4.6, the room temperature reflectivity and optical conductivity spectra are shown

for p = 0.13. We cannot observe any significant di↵erence with Zn-substitution. More-

over, the apical oxygen phonon modes are similar in all the Zn-free and Zn-substituted

samples, indicating that the samples have the same oxygen concentration; hence they

are in the same doping region.

Figure 4.6: Zn-concentration dependence of the room temperature optical

spectra - Zn-concentrationdependence of the room temperature reflectivity and optical

conductivity at p = 0.13. There is no significant di↵erence with Zn substitution.

In the superconducting state, the e↵ect of Zn-substitution is prominent (Fig. 4.7).

In the low energy region, we observe the shift of the Josephson plasma edge to the low

energy region with increasing Zn-content. This behavior indicates the decrease of the
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4. RESULTS AND DISCUSSION

superfluid density with increasing doping level. This is expected since Zn-impurities

act as pair breakers and suppresses the superconductivity. The Zn-doping e↵ect on

the superfluid density is also demonstrated in Fig. 4.4. Although Zn-doping e↵ect is

demonstrated for one doping level, similar results were observed for the other doping

regions, as well.

Another Zn-doping e↵ect happens on the TJP mode. This mode is also suppressed

with increasing Zn-content, and for 1.2% Zn-doped sample, it disappears. We used this

behavior to study the pseudogap region, because it is easier to see the small conductivity

changes in the absence of the complications of this TJP mode. In the next section the

pseudogap region will be discussed.

Figure 4.7: Zn-concentration dependence of the optical spectra in the super-

conducting region - Zn-dependence of the reflectivity and optical conductivity at 10 K

for p = 0.13. Shift of the JP edge to the low energies (reflectivity spectra) and the disap-

pearance of the TJP mode (easier to see in optical conductivity) with increasing Zn-content

can be seen. Features are indicated with arrows.

4.2 Discussion on Pseudogap

4.2.1 Pseudogap in the underdoped region

E//c-axis optical study is one of the powerful tools to study the pseudogap behavior

in cuprates. Pseudogap behavior dominates the antinodal region of the Fermi sur-
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4.2 Discussion on Pseudogap

face. This behavior has been intensively discussed by the experimental probes that can

perform momentum resolved measurements, such as Angle Resolved Photoemission

Spectroscopy and Raman Spectra. E//c-axis optical conductivity is not a momentum

resolved measurement. However, it has been shown that the interlayer tunneling matrix

element is one of the key parameters to describe the conduction along the c-axis, and

it is strongly momentum dependent [73, 74]. Owing to the two dimensional crystallo-

graphic properties, this matrix element is basically defined by the antinodal region of

the Fermi surface [75]. Even though the c-axis properties reflect the average over the

Fermi surface, this is a weighted average in favor of the antinodal region.

With the pseudogap opening in the antinodal region, we can observe the suppression

of the low energy c-axis optical conductivity, which is restored in the high energy

regions. On the other hand, the pseudogap e↵ect on the in-plane spectra is mainly

Drude narrowing, namely, the reduction in scattering rate, which results in the spectral

weight transfer to lower energy regions. Since we cannot measure a spectrum down to

! = 0 (20 cm�1 is the low-! limit in our case), it is hard to judge whether the observed

suppression of the low energy in-plane conductivity is due to the pseudogap or to the

superconducting gap. By contrast, for the case of the c-axis spectra, we can easily

distinguish the e↵ects of the superconducting gap and the pseudogap, because the

direction of the spectral weight (SW) transfer is opposite in the two gaps. In Fig. 4.8

the clear behavior of the pseudogap is demonstrated.

The more clear behavior of the pseudogap can be seen by tracing the SW over the

energy region for each temperature. In Fig. 4.9, we plot the calculated SW for three

energy regions for several doping levels. The first is the low energy region, where we can

see the suppression of the low energy optical conductivity due to the pseudogap opening

(50-800 cm�1). The second is the high energy region, where the SW is gained with the

pseudogap opening (800-5000 cm�1). And the third region is the overall energy region,

where we can confirm the SW transfer occurs due to the pseudogap (50-5000 cm�1).

In all energy regions, SW is calculated by using the Eq. 4.1. Here ’a’ and ’b’ represent

the energy region that we calculated the SW.

SW

b
a =

Z b

a
�1,c(!)d! (4.1)

In the low energy region (50 - 800 cm�1), especially at high doping levels, the SW

increases with lowering T above T ⇤, which reflects a metallic behavior of the system.
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4. RESULTS AND DISCUSSION

Figure 4.8: Pseudogap behavior in the optical conductivity - Temperature depen-

dent optical conductivity of the sample with x = 0.04 at p = 0.13. In this doping region

this sample is non-superconducting, however, present a clear pseudogap behavior. The lost

SW at the low energy region (left panel) is transferred to the high energy region (right

panel) below T ⇤, hence a crossover can be seen.

At the temperatures where the pseudogap opens, the increase stops and below this

temperature we observe continuous decrease of the SW. This decrease continues below

T c due to the superconducting gap opening. The turning point of the SW can be

defined as the pseudogap temperature. This point gradually decreases with increasing

doping level (shown in Fig. 4.10), which is consistent with the pseudogap behavior

presented by several other probes in Fig. 4.11 [76, 77].

The SW that is lost in the low energy region should be transferred to the high

energy region (800 - 5000 cm�1) with pseudogap opening. This behavior indeed has

been observed in the high energy spectral weight (Fig. 4.9). Again at high doping region,

at high temperatures we observe the increase of the SW due to the metallic behavior of

the system with an over-damped Drude response, marked with grey background (Please

note that this region expands with increasing doping). With pseudogap opening, on

the other hand, we observe an increase due to pseudogap with a step-like anomaly.

With further decreasing temperature, we observe that the increase of the SW due to

pseudogap is interrupted by the superconducting condensation. However, the SW that

is transferred to the high energy region with pseudogap opening, does not show any
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4.2 Discussion on Pseudogap

Figure 4.9: Energy region dependence of the spectral weight - Spectral weight in

specific energy regions for p = 0.11 to p = 0.16. The temperature region where we see the

weak metallic behavior of the system expands with increasing doping (grey backgrounds).

Moreover, the blue area indicates the region where the sum-rule holds below 5000 cm�1.

With superconducting transition we observe a missing area in the overall spectral weight

as indicated with the red background.
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Figure 4.10: Doping dependence of the

low energy SW for YBa2Cu3Oy

. The

suppression of the low energy SW clearly

shows the pseudogap behavior.

Figure 4.11: Doping dependence of the

obtained T ⇤ as a comparison to other

methods. NMR Knight shift: [76] and Re-

sistivity [77].

decreasing behavior below T c. This suggests that the pseudogap does not contribute to

the superconducting condensation. Therefore, we can suggest that the pseudogap is not

a precursor of superconductivity. For high doping samples, we observe an increasing

behavior of the high energy SW below T c. However, this increase is not due to the

pseudogap but it is an artifact of the TJP mode that we can see as an absorption at

the high energy region. This may mislead the discussion; therefore, the suppression of

this mode is necessary.

In the energy region when the spectral weight transfer due to the pseudogap opening

is completed, SW is expected to be conserved. Our calculations showed that the 5000

cm�1 is this energy region. Therefore, the SW in the overall energy region (50 - 5000

cm�1) should be conserved in the case of the pseudogap opening. In the superconduct-

ing state, on the other hand, we should see a missing SW because the superconducting

carriers are condensed to the �-function at zero frequency, which causes a missing area

in the optical conductivity spectrum. As can be seen in Fig. 4.9, the overall spec-

tral weight is conserved below pseudogap temperature (marked with blue background).

Below T c we can clearly observe the behavior of the superconducting condensation

(marked with red background). Change above T ⇤ is due to the metallic response of

64
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the system.

We also performed the same calculations for the Zn-substituted samples. Zn-

substitution suppresses the TJP mode, therefore, we can give more precise discussions

about the pseudogap behavior especially in the superconducting regime. The Zn-doping

dependence of the low energy SW is given in Fig. 4.12. The overall behavior does not

change significantly with Zn-substitution. Moreover, the pseudogap temperature does

not change with Zn-doping.

Figure 4.12: Zn-doping dependence of the low and high energy SW - Zn-

dependence of the low (left panel) and high (right panel) energy SW. Low energy part

shows that T ⇤ does not change with Zn doping. Below T
c

the high energy transfer con-

tinues for the Zn-substituted samples.

For the high energy SW, on the other hand, we can observe some di↵erences below

T c with Zn-substitution. As shown in Fig. 4.12, when Zn is substituted, the increase

of the SW with pseudogap opening continues even below T c (Grey shaded area in

the figure). This behavior observed for the Zn-free sample cannot be attributed to

the pseudogap solely due to the TJP mode; however, please note that the TJP mode

is suppressed with Zn-substitution. Therefore, the increase below T c can be solely

attributed to the pseudogap behavior. This implies that the pseudogap state coexists

with the superconducting state below T c. The coexistence possibly takes place even

in the Zn-free sample, if we suppose that the SW saturation below T c is due to the
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strong competition between the decrease due to superconductivity and the increase due

to the pseudogap. Furthermore, the pseudogap behavior is observed even for the non-

superconducting sample (x = 0.04), which further supports the idea that the pseudogap

is not a precursor of superconductivity.

4.2.2 Pseudogap in the overdoped region

Another open question about the pseudogap is the behavior of the pseudogap in the

overdoped region. There are di↵erent experiments reporting di↵erent behaviors. One

group of experiments reported that the pseudogap line gradually decreases with increas-

ing doping level and merges with the T c dome in the overdoped region [78]. Other

groups of experiments reported that the pseudogap line crosses the T c dome, and

reaches to zero at near p = 0.19 doping level [79]. These scenarios are shown as a

schematic view in Fig. 4.13.

Figure 4.13: Scenarios of the pseudogap in the overdoped region - Scenarios

for the behavior of the pseudogap in the overdoped region: Pseudogap goes to quantum

cirtical point (left panel) or it merges with the superconducting dome (right panel).

In the previous part, the e↵ects of Zn-substitution on the pseudogap behavior have

been discussed. And we showed that the pseudogap temperature, T ⇤, is robust to

Zn-substitution, even does exist for the non-superconducting sample. By using this

property, we search for the pseudogap behavior in the overdoped region of the phase

diagram. If the pseudogap line crosses the T c dome, by reducing the T c below the

pseudogap temperature with Zn-substitution, we can observe the pseudogap opening.
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4.2 Discussion on Pseudogap

Figure 4.14: Zn-substitution e↵ect on optical conductivity in the overdoped re-

gion - Temperature dependent optical conductivity of Zn-free and Zn-substituted samples

in the overdoped region.

67



4. RESULTS AND DISCUSSION

To test this assumption, we prepared slightly overdoped samples with Zn-content x

= 0 and 0.04. Optical conductivity of those samples for several temperatures is given

in Fig. 4.14. The sample with x = 0 shows a metallic behavior down to T c. With su-

perconducting gap opening, the suppression of the low energy optical conductivity can

be seen. However, no pseudogap behavior was observed for this sample. For the Zn-

substituted sample, the superconducting transition temperature is significantly lower

than that for the Zn-free case. Even though at high temperatures, we observe a metallic

behavior for this sample as well, with decreasing temperature, the low energy optical

conductivity starts to show a suppression below T ⇤. In Fig. 4.15, the optical conductiv-

ity values at 50 cm�1 are plotted as a function of temperature for both samples in the

underdoped and overdoped region, where we can easily follow the low-! optical con-

ductivity suppression with pseudogap opening. This result clearly demonstrates that

in the overdoped region a clear pseudogap behavior is observed for the Zn-substituted

sample. Since the pseudogap temperature does not change with Zn-susbtitution, we

can suggest that it also exists for the Zn-free sample in the overdoped region. This

supports the second scenario mentioned above. Moreover, this behavior supports the

idea that the pseudogap is not a precursor of superconductivity, as well.

Figure 4.15: Low-! optical conductivity: Demonstration of the pseudogap

opening - Low-! optical conductivity as a function of temperature in the underdoped

(left panel) and overdoped (right panel) region. Pseudogap is robust to Zn-substitution,

therefore, we see a suppression of low-! optical conductivity at the same temperatures for

Zn-free and Zn-doped samples. In the overdoped region a pseudogap behavior was observed

for Zn-doped sample, which also can be thought as the same for the Zn-free sample, as

well.
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4.2.3 Interpretation of the pseudogap

It is di�cult to pinpoint the origin of the pseudogap from our measurements. However,

the results presented in this thesis show strong evidence to that the pseudogap is not

the precursor of the superconductivity, but it is rather a di↵erent order. Therefore, we

can eliminate the theories related with the pre-formed pairing scenarios. Moreover, we

still can give some findings about the pseudogap initiated from our measurements.

As mentioned in Chapter 2, with the pseudogap opening, the low energy optical

conductivity will be suppressed and the lost spectral weight in the low energy region

is transferred to the high energy part of the spectrum. As a result, the overall spectral

weight is conserved within the energy region in which the low energy to high energy

transfer is completed. In Fig. 4.16, the doping dependence of the ��1 (�1(T c)-�1(T ⇤))

is given for the Zn-free sample. The di↵erence spectra allow us to see the low energy

suppression and the high energy transfer more easily. As can be seen from the figure, the

high energy transfer shows a systematic behavior with doping. To talk about the origin

of the pseudogap it is natural to look for an energy scale that defines the pseudogap.

This might make easy the comparison with the proposed theories.

Figure 4.16: Doping dependent ��1(T -T ⇤) spectra - Doping dependent��1(T -T ⇤)

spectra. Arrows show the zero-crossing point, peak point, and the merge point.
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From the spectral weight transfer point of view, pseudogap behavior resembles to

a density wave-like behavior. Unfortunately, we do not know the real energy scale

(�PG) of the pseudogap. Several points in the ��1 spectrum can be associated with

the pseudogap energy scale. For instance, the zero-crossing point, the peak position or

the merge point (all are indicated by arrows in Fig. 4.16) can be thought as the energy

scales that are related with the pseudogap. The scaling of the crossing, peak, and

merge points with the obtained pseudogap opening temperature is shown in Fig. 4.17.

Fig. 4.17 (a) shows the fitting that we obtained the peak position, although the broad

structure of the spectrum makes the determination di�cult. The anomaly points are

compared with the pseudogap temperature with the 2�PG/kBT ⇤ = constant scaling.

The constants for each anomaly points are given on the figures. As it can be seen from

the figures all the anomaly points can be defined as a point that is related with the

pseudogap phenomenon with a rather good scaling with T ⇤. It is clear that the features

related to pseudogap phenomenon extend to high energies, especially with underdoping.

On the other hand, it is challenging to explain these energies with the current theories.

Figure 4.17: Determination of the pseudogap energy - (a) Determination of the

crossing, peak, and merge points with fitting. Scaling of the anomaly points with obtained

T ⇤ values for crossing (b), peak (c), and merge points (d).
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The Zn-substitution e↵ects on the proposed anomaly points can also be examined

as given in Fig. 4.18. None of these anomaly points show significant di↵erence with

Zn-substitution. This is especially surprising in terms of spin-density-wave or charge

density-wave approach to the pseudogap, because, it had been shown that these orders

are very sensitive to the impurity and they will be strongly suppressed with impurity

doping [80, 81].

Figure 4.18: Zn-substitution e↵ect on the pseudogap energy - (a) Zn-substitution

e↵ects on the observed anomaly points. (b) Doping and Zn-dependence of the crossing

point

4.3 Discussion on Precursor Superconductivity

4.3.1 Precursor superconducting state in the optical conductivity

Our results indicate that the pseudogap is not a precursor of the superconductivity, but

rather it is a competing order that coexists with superconductivity in the superconduct-

ing state. Further precise investigation of our SW calculations showed other interesting

facts, as well. In the overall spectral weight shown in Fig. 4.9, we observed almost tem-

perature independent SW below T ⇤ with an abrupt decrease at T c for our samples,

as expected, since the SW transfer has happened in our calculation limits. However, a

closer look at the data revealed that the observed decrease due to superconducting con-
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densation starts at temperatures higher than T c. Even though the change relative to

lowest temperature decrease is small, this behavior shows a systematic change with car-

rier doping, and Zn-subtitution. Moreover, the temperature range also coincides with

some discussions related to precursor superconductivity in the literature [22, 29, 72].

This situation encouraged us to investigate this point further.

Calculations from the real part of the optical conductivity

As mentioned previously, the missing area in the overall spectral weight is the indication

of the superfluid density. Therefore, we calculated the SW in a wide energy region.

Although given previously, in Fig. 4.19, an example is plotted again. Below T ⇤, the

sum rule holds and temperature-independent SW can be seen. However, if we carefully

look at the figure, we can see that the decrease of the SW actually starts above T c.

We determined the point where we start to see the decrease as the precursor state and

marked as T p. We also calculated the temperature dependence of the superfluid density.

Usually in the literature of the optical studies, the superfluid density is calculated from

the real part of the optical conductivity as in Eq. 4.2 [82].

Figure 4.19: Determination of the superfluid density from real optical conduc-

tivity - The suppression of the overall spectral weight as an indication of the superfluid

density. The abrupt suppression can be seen below T
c

, however, it starts above T
c

.
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ns

m

⇤ / !

2
ps =
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⇡

Z !
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0
[�1,n � �1,s]d! (4.2)

Here �1,n is the real part of the optical conductivity in the normal state, for which

will be the data just above T c; �1,s is the real part of the optical conductivity in the

superconducting state, which will be the data of the lowest measured temperature. In

our case, we did the same analysis for each consecutive temperature where we start to

see a missing area.

Calculations from the imaginary part of the optical conductivity

Although the missing area in the real part of the optical conductivity is very specific to

the superconducting condensation state, it is not the only way to determine the super-

fluid density. We also can determine superconducting carrier density from the imaginary

part of the optical conductivity. In the superconducting state, the superconducting car-

riers are condensed to a �-function at ! = 0, which leads to the relation �2(!) ⇠ !

2
ps/!

through Kramers-Kronig transformation. Therefore, !�2(!) should show a frequency

independent value which gives the superfluid density. However, this approach assumes

that there is no normal carrier component below the superconducting gap energy in

the superconducting regime, which is not the case for the high temperature cuprate

superconductors that shows residual absorption below the superconducting gap even

at T <<T c. Therefore, we have to subtract the normal carrier component from �2(!)

labeled as �2,normal(!) in this thesis - which can be calculated by taking the KK trans-

formation of the real part of the optical conductivity, �1(!). In Fig. 4.20 an example

of the analysis is shown at several temperatures for p = 0.11 and x = 0. The detailed

analysis regarding �2(!) was proposed previously and this method was examined by

several research groups and well justified [82].

After calculating the normal carrier component in �2(!), we can easily obtain the

superconducting carrier component by subtracting the normal part from the overall

�2(!). We repeated this process for each temperature and in Fig. 4.21 plotted the

superfluid density for each temperature that is calculated from �1(!) and �2(!). The

same calculations for the Zn-substituted samples were also plotted. Here each column

show the doping dependence, whereas each row represents the Zn-doping e↵ect. The

superfluid densities calculated with both methods coincide with each other except for
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Figure 4.20: Determination of the superfluid density from imaginary opti-

cal conductivity - The normal component in �2(!) has been calculated with the KK-

transformation of the �1(!). By subtracting this value we can determine the �2(!) of

superconducting carriers where !�2(!) gives a constant that is related with the carrier

density.
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the superconducting state, while the temperature dependence of the superfluid density

is exactly the same for both methods. The discrepancy in the superconducting state

will be discussed later.

Results of the calculations show that the superfluid density starts to appear at

temperatures much higher than T c (marked as T p) and gradually increases towards T c.

However, the increase is not monotonous down to T c. At slightly higher temperatures

(marked as T 0
c) the increase becomes steeper. And finally below T c, we observe a very

fast increase of the superconducting carrier density.

The doping dependence of these two characteristic temperatures above T c is sur-

prisingly di↵erent. T p shows increasing behavior with decreasing doping, while T 0
c

follows the T c dome closely. Due to these di↵erent behaviors, they are getting closer

to each other towards the optimum doping level. Our temperature steps are not small

enough to resolve the di↵erence between these two temperature scales in this doping

region. However, the Zn-doping dependence of these scales show similar behavior,

namely, with increasing Zn-content, we observe the decrease of both T p and T 0
c. This

strongly suggests that both temperature scales are related to superconductivity, and

unlike pseudogap they are not robust to the suppression of the superconductivity with

Zn-substitution. In Fig. 4.22 we plot all of our temperature scales on the phase di-

agram. Moreover, a normalized scale (normalization has been done to the optimum

doping level) also demonstrates the decrease of the T p, T 0
c, and T c with x, while T ⇤

is not the case (Fig. 4.23).
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Figure 4.21: Doping and Zn-dependence of the superfluid density obtained from

�1(!) and �2(!) - Each column demonstrates the doping dependence of the superfluid

density and each row shows the Zn-dependence of the superfluid density obtained from

�1(!) (red curves) and �2(!) (black curves). Insets enlarge the high temperature part of

each curve to show the T
p

and T 0
c

scales more clearly.
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4.3 Discussion on Precursor Superconductivity

Figure 4.22: Zn-doping e↵ect on the observed temperature scales as a function

of doping - Zn-doping e↵ect on the observed temperature scales as a function of doping
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4. RESULTS AND DISCUSSION

Figure 4.23: Phase diagram of the Zn-susbtituted samples - Normalized phase

diagram which show the decrease of the temperature scales with respect to the T
c

decrease

with Zn-doping. All the values are normalized to the optimum doping T
c

. As can be seen

that the T 0
c

and T
p

decrease almost same with T
c

, hence a single curve had been observed

for all samples. T ⇤ greatly deviates from a single curve, because it does not change with

Zn-substitution.
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4.3 Discussion on Precursor Superconductivity

Other implication of the precursor state in the c-axis optical spectrum

Previously the TJP resonance seen above T c was attributed to the precursor supercon-

ducting state, as [72]. The study was performed on impurity-free samples for several

doping levels. In our study, we also obtained the temperature dependence of the TJP

mode by tracing the phonon anomaly of the oxygen bending mode (at 320 cm�1) and

compared the temperature region with our results of Fig. 4.21. Moreover, it is new to

obtain the Zn-doping dependence of the TJP mode.

In Fig. 4.24, the temperature dependent frequencies of the oxygen bending mode are

plotted at several doping levels for Zn-free and Zn-substituted samples. Here the arrows

show the temperatures obtained with the optical conductivity calculations. As can be

seen in the figure, the softening of the phonon mode starts at very high temperatures,

indicating the appearance of the TJP mode at high temperatures. And the softening

temperature shifts to higher temperature with decreasing doping level. The comparison

between Zn-free and the Zn-substituted samples showed that the softening temperature

decreases with Zn-substitution for the same doping level. For side by side comparison,

in Fig. 4.25 we plotted the superfluid density obtained from the optical conductivity

with the temperature dependence of the phonon mode. As can be seen in the figure,

the critical temperature T p is perfectly match with each other.

The TJP mode is gradually suppressed with Zn-substitution, therefore, we can

determine the existence of this mode only for the 0.7% Zn-substituted sample. This is

the down fold of this method to determine the precursor superconducting state. Once

we suppress it with Zn-doping, we cannot trace it anymore, even though other methods

allowed us to distinguish the precursor state, even for samples with higher Zn-content.

Nonetheless, we evaluate the temperature scale from the evaluation of the TJP mode

and compare it with our other calculation methods (SW analysis and �2(!)).

Up until now, we discuss the results where the lowest doping level were p = 0.11.

To see lower doping region we prepared a sample with 15 K transition temperature that

corresponds to the doping level p ⇡ 0.06. To obtain the samples in this doping region

is very di�cult. Samples are extremely air sensitive and during the quench process

and later with the room temperature annealing process, the T c of the samples changes

very quickly in this under doped region. Moreover, it is especially di�cult in our case,

because the samples used in our measurements are quite big and to obtain uniform
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Figure 4.24: Doping and Zn-doping dependence of the oxygen bending mode

- The resonance frequency of the oxygen bending mode as an indication of the TJP mode

has been given for Zn-free (left panels) and Zn-substituted (right panels) samples. Arrows

indicate the temperatures obtained from the optical conductivity calculations. It is shown

that the observed temperature scales are match with the optical conductivity calculations

for each doping levels with the dashed lines.

Figure 4.25: Comparison of the T
p

values obtained by several methods - Super-

fluid density that is calculated from real and the imaginary parts of the optical conductivity

(red and black curves) and the phonon mode show the same T
p

scale. This consistency

also observed for the 0.7% Zn-substituted sample, as well.
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4.3 Discussion on Precursor Superconductivity

Figure 4.26: Magnetic susceptibility of the heavily underdoped sample - Mag-

netic susceptibility of the heavily underdoped sample before and after FTIR measurements.

In this doping region, the used sample is highly sensitive to the environment. Almost simi-

lar transition temperature shows that during the measurement, the properties of the sample

did not change significantly.

samples are challenging. Nevertheless, we obtained a 15 K sample with relatively sharp

transition. The magnetic susceptibility curve has been given in Fig. 4.26 for before

and after FTIR measurements. Despite the di�culty of sample handling, the T c of the

sample did not change significantly during our FTIR measurements.

The reflectivity and optical conductivity of this sample are shown in Fig. 4.27.

The temperature dependence of the reflectivity and the optical conductivity for this

sample is significantly small. Therefore, it is not possible to perform the calculations

that we did on the electronic component of the optical conductivity. The features

are well below the accuracy of the calculations. However, the TJP mode can be seen

very clearly, with the anomaly in the oxygen bending mode. Therefore, we used this

method to calculate the precursor state for this sample. For this sample, T p has been

determined to be around 160 K (temperature dependent resonance frequency of the

oxygen bending mode is given in Fig. 4.28). We plotted our temperature scales on the

phase diagram in Fig. 4.29. As can be seen, the T p temperature scale does not exactly

follow the pseudogap behavior, but rather shows a saturated behavior towards the low

doping region. In the next part, we give a detailed explanation to all temperature scales
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4. RESULTS AND DISCUSSION

Figure 4.27: Optical spectra of the heavily underdoped sample - Optical spectra

of the heavily underdoped sample that is almost temperature independent.

Figure 4.28: T
p

temperature for the

heavily underdoped sample is determined

from the TJP mode.

Figure 4.29: T
p

temperature scale for

the heavily under doped region.
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4.3 Discussion on Precursor Superconductivity

that we observed in comparison with the other reported results.

4.3.2 Comparison of our phase diagram with the results of other

probes

In Fig. 4.30 we compare our results for the Zn-free samples with the published data of

YBa2Cu3Oy determined by the other probes. Solid symbols represent our data. Our

T 0
c values are in good agreement with the recent results of microwave measurements on

YBa2Cu3Oy [30]. Moreover, the temperature scale of T 0
c relative to T c is also consistent

with the results of THz [27, 83] and microwave measurements [84] for another cuprate

system, La2�xSrxCuO4. On the other hand, neither THz nor microwave measurements

detected the temperature scale T p. This might be due to the ambiguity in determining

the normal carrier component which we need to subtract in the analysis to calculate

!

2
ps from �2(!) [82].

Our T p values are in good agreement with the temperatures observed by ellip-

sometry [72], the Nernst e↵ect [85], thermal expansivity [86], and the Hall e↵ect [87].

Although, ellipsometry provides the same information with the present study in prin-

ciple, T p was estimated only from the phonon softening related to the TJP resonance,

which is not direct evidence for superconducting condensate. It may be worth noting

that T p well coincides with the spin gap temperature reported by neutron scattering

[88] and the relaxation rate T�1
1 of NMR [16, 89].

Our results suggest that the pseudogap is not a precursor of superconductivity. In-

stead, we can define a precursor state at temperatures lower than T ⇤ but much higher

than T c with an unusual doping dependence. The observation of the condensed super-

conducting carriers suggests that this precursor state does not only reflect the pairing

state but also some sort of coherence. In the scheme of inhomogeneous superconduc-

tivity, this kind of correlation can be observed without macroscopic superconductivity

[90]. The inhomogeneous superconducting state can generally be explained by the phase

separation [91], or the spin-gap proximity mechanism [92], where the theories have been

developed in terms of the doped Mott insulator. The doping dependence of T p is similar

to the prediction of the mean field theory of the t-J model [11]. The direct observation

of the finite �2(!) in this study indicates that some kinds of seeds of superconductivity

are created at the high temperature T p, and they develop into macroscopic supercon-

ductivity at T 0
c. The fact that T p increases with underdoping suggests the importance
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Figure 4.30: Obtained temperature scales of YBa2Cu3Oy

that are compared

with other probes - Phase diagram of YBa2Cu3Oy

. Solid symbols are obtained in this

study. Microwave: [30], Ellipsometry: [72], Nernst e↵ect: [85], NMR 1/T 1T : [16, 89],

Neutron scattering: [88], NMR Knight shift: [76], and Resistivity [77]
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4.3 Discussion on Precursor Superconductivity

of “Mottness” in the superconductivity mechanism of the cuprates. Moreover, the Zn-

dependence of the temperature scales give further evidence to the fact that the T 0
c and

T p are superconductivity related features, while T ⇤ is not.

4.3.3 Interpretation of the precursor superconducting state

The precursor of the superconductivity was discussed after observation of the first su-

perconductors. Superconducting fluctuation scenario is proposed by Ginzburg-Landau

[93], where the temperature range of the fluctuations can be given as the tGL⇠T c/⇠. On

the other hand, the fluctuation range above T c was predicted to be around 10�12�10�14

T c owing to the fact that these materials have very low T c and very long coherence

length. Therefore, such a small fluctuation range could not be observed experimen-

tally. For the high temperature cuprates, on the other hand, these superconducting

fluctuations are expected to be more prominent due to the high transition tempera-

tures and short coherence lengths of these materials. And it has been proposed that

we can observe these fluctuations at the temperature range of 10�1�100 T c of the

sample. However, the observed temperature range in our measurements for T p is sig-

nificantly higher than the predicted temperature range, especially in the underdoped

region. Therefore, we cannot explain the T p temperature range within the conventional

fluctuation theory that is proposed by Ginzburg-Landau.

Another explanation that was given for the precursor superconducting state was

the Cooper-pairing without long-range phase coherence (incoherent Cooper pairs) [94].

This proposal was given to explain the pseudogap as the precursor of the supercon-

ductivity, initially. From the doping dependence point of view, this discussion can be

attributed to the T p temperature scale, as well. Superconductors are macroscopic quan-

tum states that are emerged from the coherent states of the paired electrons (Cooper-

pairs), where the order parameter can be described as  =| |ei�. In this scheme, the

components of the order parameter should be identified separately as the amplitude

(| |) and the phase (�). In this case, two di↵erent temperature ranges above T c can

be identified. The first region is the regime (very small region above T c that follows the

doping dependence of the T c), where the phase is still coherent, while the amplitude is

constant. This region can be explained by the Berezinskii-Kosterlitz-Thouless theory

in 2D [95, 96]. Here, I should point out that this regime coincide with the region that

is defined by our T 0
c temperature scale. The second region is the regime (extending to
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very high temperature region and showing pseudogap-like doping dependence), where

the phase is incoherent but | |is still non-zero. In this case this temperature range can

be explained with the locally fluctuating Cooper-pairs. Therefore, previously pseudo-

gap, and perhaps in this study the T p state are defined as the fluctuating Cooper pairs

without long-range phase coherence. In this case, it is not possible to observe any con-

densed superconducting carriers. However, in the present study we observed the real

superconducting condensate, which shows evidence against the scenario of fluctuation

without phase coherence.

Figure 4.31: Schematic of the inhomogeneous superconducting state scenario -

Schematic of the inhomogeneous superconducting state scenario. Arrows in the left panel

indicate the phase coherence of superconductivity.

The inhomogeneous superconducting regime is another explanation for the pre-

cursor superconductivity [90]. Our findings in this thesis support the inhomogeneous

superconductivity scenario. In Fig. 4.31, the explanation to this scenario is given. Since

our study focus on the underdoped region, the figure is basically for the underdoped

region. In this scenario, our observed temperature scales and other observations such

as the existence of the superfluid density above T c can be explained. With crossing

T p, superconducting regions start to appear in the system. If they are bigger than the

coherence length, these superconducting regions can survive. Otherwise, these regions

will be suppressed with the proximity e↵ects. The coherence length is given as ⇠1 nm
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4.3 Discussion on Precursor Superconductivity

at the optimum doping and increasing up to 3 nm for 60 K sample [97]. These re-

gions show coherence within the superconducting region, however, their phases are not

necessarily coherent (red plate). With decreasing temperature these superconducting

regions start to expand (orange plate). Even though the superfluid density is increas-

ing with this expansion, since these regions have no connection to each other, system

does not show bulk superconductivity with zero resistivity. Below T 0
c, the separated

superconducting regions starts to see each other, and a phase coherence between these

regions starts to appear, hence the system goes to the route of bulk superconductivity.

Finally, with reaching T c, we observe zero resistivity and bulk superconductivity in the

system.

Figure 4.32: Indication of the precursor superconducting state in STM - (a-d)

Gap map of the overdoped Bi2Sr2CaCu2O8+�

single crystals with T
c

= 65 K. The value

of the gap is extracted from local spectroscopic measurements by using the experimental

criterion that the local dI/dV has a maximum at V = +�. (e) shows the gap distribution.

(f) The solid line shows the probability P(<�) that the gaps are less than a given � (lower

x axis). The phase diagram demonstrates the temperature scale that the gap profile is

started in the system as T
p,max

[98].
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In this kind of scenario, it is expected to see some e↵ects in other experimental

probes, as well. For instance, since we observe a superconducting condensation, it

might be expected to observe a gapped state above T c. One of the probes that can

observe this state in the real space is the Scanning tunneling microscope (STM). Such

kind of study has been performed for the Bi2Sr2CaCu2O8+� samples in a wide doping

range [98]. In the overdoped region, where the pseudogap e↵ects cannot be observed,

it has been shown that the gapped state persists at temperatures higher than T c

(Fig. 4.32). They observed that the temperature range, where the gapped state can be

observed, expands with decreasing doping level. On the other hand, the results in the

very underdoped region were not conclusive enough, since they could not eliminate the

e↵ects of the pseudogap.

Another probe that we may expect some di↵erences is the in-plane resistivity. If

some part of the sample becomes superconducting in the CuO2 planes, then a decrease

in resistivity will be expected, even though we cannot observe zero resistivity.

A detailed resistivity work for the in-plane polarization had been performed for the

YBa2Cu3Oy system [20]. We compared our temperature scales with these resistivity

results by checking the slope change of the resistivity plot. In Fig. 4.33, the change of

slope at T ⇤, T p, and T 0
c is demonstrated. This is a very crude estimate, for example

it does not take into account the e↵ects of the other orders, such as charge order, etc

[99, 100]. Indeed such kinds of orders are discussed for cuprates. Nonetheless, the slope

change of the resistivity coincides with the obtained T p scale.

4.4 Remarks on Kinetic Energy Driven Superconductiv-

ity

Previously, we showed that !

2
ps determined from �1(!) missing area is di↵erent from

that of �1(!). This discrepancy has been reported for many cuprate systems previously

[101] and attributed to the kinetic energy reduction which the carriers experience during

the superconducting transition. This di↵erence gradually decreases with increasing

doping level.

In our experiments, we also observed this discrepancy for the Zn-free samples. On

the other hand, with increasing Zn-content, we observed the disappearance of the dif-

ference even for the underdoped region. In Fig. 4.34 we plotted the ratio of this dis-
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Figure 4.33: Indication of the precursor superconducting state in inplane resis-

tivity - The slope change of the inplane resistivity curves had been traced. A decreasing

trend of the resistivity (increasing slope) can be seen with the pseudogap opening, T
p

, and

T 0
c

. The resistivity curves are traced from [20]. Solid symbols are the temperature scales

that are determined from our infrared measurements.
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crepancy for Zn-free and Zn-substituted samples at 10 K. Here �N and ⇢s are the

superfluid densities calculated from �1(!) and �2(!), respectively.

For conventional superconductors, where the pairing and condensation are driven

by the potential energy, the FGT sum rule holds. In other words, any discrepancy on

superfluid density calculated from di↵erent methods should not be seen. On the other

hand, J. E. Hirsch proposed that the FGT sum rule can be violated in some cases, and

the cuprate superconductors are one of the systems where we can expect this violation

[102]. In this case the superfluid density should be defined as in Eq. 4.3.

!

2
ps =

120

⇡

Z !
cut

0
[�1,n � �1,s]d! +�(KE) (4.3)

Figure 4.34: Doping and Zn-doping dependence of the observed discrepancy

of superfluid density determined by two di↵erent methods - The kinetic energy

component disappears with increasing Zn-content.

This violation implies that there is a finite contribution to the superfluid density

from frequencies much higher than the superconducting gap, possibly near infrared or

visible energy region. Indeed early studies on YBa2Cu3Oy system showed that there is

a high frequency missing area in this system [103]. However, these early results were

on powder samples.
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Such kind of violation was observed in the c-axis optical spectra of the cuprates.

On the other hand, it was shown that the observed kinetic energy change is much

smaller than the condensation energy in interlayer tunneling model. Therefore, it has

been thought that this di↵erence should be compensated in the in-plane spectrum

[104, 105].

So far, the kinetic energy change is only reported for the Bi2212 system by infrared

spectroscopy [106] (it has been shown that the high energy contribution is around 20%

for the underdoped region) and pump-probe reflectivity measurements [107]. However,

it was shown that this is not the case for the YBa2Cu3Oy, and depending on the cut-o↵

frequency the discrepancy in the in-plane spectrum disappeared [108]. As a result, even

though it has been proposed by some systems it has not been observed for the others.

Moreover, the condensation energy cannot be explained solely with this phenomenon.

Therefore, another explanation might be necessary.

In this thesis, with the results of the Zn-substituted samples, we proposed another

explanation to the observed discrepancy. In this explanation the TJP mode observed

in the c-axis optical spectrum is the main reason. The broad peak that the TJP mode

created in the spectrum causes an underestimation of the superfluid density, when we

calculate it from the missing area. The SW of the TJP mode in addition to the zero-

frequency SW (superconducting carriers condensed to zero-frequency) should be taken

into account, therefore, a simple calculation gives a smaller value compare to the true

estimation from the imaginary optical conductivity. Hence a di↵erence between the

calculations from real and imaginary optical conductivity is observed.

When the TJP mode is suppressed with Zn-substitution, the discrepancy also grad-

ually decreases and finally disappears when the TJP mode is completely suppressed.

Similar decrease of di↵erence was also reported for the magneto optical measurement

for the same YBa2Cu3Oy [109]. In this case, the TJP mode was suppressed by applying

magnetic field. Based on these results, at least for the YBa2Cu3Oy system, there is

no evidence of the kinetic energy contribution in the c-axis spectrum. Another reason

why we think this can be a reasonable explanation is that with changing the cut-o↵

frequency, we observed that the ratio changes depending on whether !-range includes

all TJP mode or not. The value of 5000 cm�1 is high enough to get all the TJP mode

e↵ect. On the other hand, 800 cm�1 is low and in some doping levels, we cannot in-

clude the high energy part of the TJP mode (in case of splitting). Therefore, the ratios
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obtained with 800 cm�1 cut-o↵ is larger than the case for 5000 cm�1 cut-o↵. This

di↵erence due to the cut-o↵ frequency becomes especially significant in the case that

the excluded TJP mode is comparable with the overall SW. Since the conductivities at

higher doping regions are high (around one order of magnitude) than the lower doping

regions, the e↵ect of TJP mode is not pronounced at the high doping level. For p =

0.11, all the TJP mode already shifted below 800 cm�1, hence the cut-o↵ frequency

does not a↵ect the result. In Fig. 4.35, the result of the cut-o↵ frequency dependence

is shown.

Figure 4.35: Cut-o↵ frequency dependence of �N/⇢
s

- With decreasing cut-o↵

frequency, we underestimate the e↵ect of the TJP mode. Inset: Comparison of our results

with published data by Basov et al. [101]
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Conclusion

In this study, the charge dynamics of the high temperature cuprate superconductor

YBa2(Cu1�xZnx)3Oy over the electronic phase diagram have been investigated in a

very wide doping range, as well as, for several Zn-contents, both in the normal and

the superconducting state. The temperature dependent reflectivity measurements have

been performed with Fourier transform infrared spectroscopy over a wide energy range.

The optical conductivity spectra have been calculated from the reflectivity by using the

Kramers-Krönig transformation.

Detailed spectral weight analysis is performed on the optical conductivity spectra,

especially in the pseudogap region. Several issues regarding to the electronic phase

diagram were discussed. As a result, we obtained several important conclusions. Firstly,

the behavior of the pseudogap in the superconducting state, secondly, the behavior of a

precursor of superconductivity, and finally, some remarks related to the kinetic energy

driven superconductivity were summarized below.

5.1 Pseudogap in the Superconducting State

Pseudogap state had been discussed by many experimental studies and theoretical

works, which can be classified into two basic groups: Pseudogap as a precursor of

superconductivity or the pseudogap as a competing order to the superconductivity.

To investigate these points, it is necessary to search the existence of the pseudo-

gap in the superconducting state. Basic idea is that, if the pseudogap is a precursor

of superconductivity, the carriers contributing to this state should contribute to the
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superconductivity below T c. The SW analysis explained in this thesis showed that

this is not the case. As a generic behavior to the pseudogap, the SW lost from the

low energy optical conductivity with the pseudogap opening is transferred to the high

energy region. When this SW is investigated, it has been shown that the this SW never

comes back to the �(0) below T c (as an indication of the superconductivity). Moreover,

the continuous increase of the high energy SW is observed below T c in the case that

we weaken the superconductivity with Zn-substitution. The behavior of the Zn-doped

samples, namely the signature of the pseudogap and superconductivity, indicates that

the pseudogap and the superconducting gap are two di↵erent states and the pseudogap

is not the precursor of the superconductivity. Furthermore, this point has been further

supported by the results of our non-superconducting sample (x = 0.04, p = 0.13) in the

underdoped region. Even though this sample is non-superconducting, the pseudogap

was observed, as well, starting at a similar temperature with the other superconducting

samples.

All of these results suggest that the insulating ground state (pseudogap)

coexists with the superconducting region below Tc. Pseudogap cannot be

identified as a precursor of the superconductivity. It should be considered

as another order.

5.2 Pseudogap in the Overdoped Region

Another topic discussed in this thesis is the behavior of the pseudogap in the overdoped

region. Even though the general behavior of the pseudogap (namely T ⇤ is decreasing

with doping level) is widely accepted and has been shown by many experimental probes,

the behavior of this state in the overdoped region is rather ambiguous. One approach

is that the pseudogap crosses the T c dome goes to zero at around 19% doping level.

Another one is that the pseudogap merges with the superconducting dome in the over-

doped region.

Our results on the relation of the pseudogap and the superconducting region suggest

that the first scenario is more likely the case, since a merge might be interpreted as a

precursor state. We investigate this point by using overdoped samples that are Zn-free

and Zn-substituted. In the underdoped region, as mentioned before even for the non-

superconducting sample, T ⇤ does not change significantly with Zn-substitution. On the
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other hand, T c is suppressed gradually. In the overdoped region, the Zn-free sample

did not show any pseudogap signature, however, when we suppress T c with Zn-doping,

we could observe the pseudogap. Since T ⇤ is robust against the Zn-substitution, the

observed T ⇤ should be the same for the Zn-free sample which indicates that T ⇤ for this

sample is located below the T c dome.

According to this observation, T⇤ does not merge with the superconduct-

ing dome in the overdoped region as supported by the competing order sce-

nario. It crosses the Tc dome goes to zero .

5.3 Precursor Superconducting State

The results discussed in this thesis shows that the pseudogap is not a precursor of

superconductivity. On the other hand, the SW analysis also revealed that another

state that can be thought as a precursor superconductivity in the pseudogap region

of the phase diagram. A precursor state has also been discussed by several other

experiments; however, there is no consensus about the doping dependence and the

temperature range. In this study we clearly observed the existence of the superfluid

density (!2
ps) at temperatures (T p) higher than T c. With decreasing temperature,

!

2
ps gradually increases and at the temperature T 0

c near T c, the slope of the increase

suddenly becomes steeper. It seems that the superconducting carriers persist up to

much higher temperatures than T c, although its fraction is very small (less than a few

% of the total !2
ps at T = 0).

It is interesting that the doping dependences of T 0
c and T p are di↵erent. T 0

c is

always 10-20 K above T c and thus follow the T c change, whereas T p increases with

decreasing doping levels (p) and reaches much higher temperatures than T 0
c. T 0

c and

T p are almost merged at the optimum doping p = 0.16. On the other hand, with

Zn-substitution both temperature scales decrease likeT c.

The existence of the superfluid density, moreover, the Zn-dependence

show that the superconducting regions start to evolve at Tp, and the system

changes to be a bulk superconductor at T0
c.
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5.4 Kinetic Energy Driven Superconductivity

There are some theories that explain the superconductivity mechanism as the kinetic

energy driven superconductivity. Previously, while the c-axis optical conductivity was

studied, it was observed that the superfluid density obtained by the missing area method

is significantly smaller than that calculated from the imaginary optical conductivity. It

has been explained that some of the carriers contributing to the condensation actually

come from very high energy region (around visible region), which corresponds to the

kinetic energy contribution. However, in many cases, the missing area is underesti-

mated, since it has been calculated within the limited energy region. The calculated

condensation energy for the c-axis spectra is smaller than the theoretical expectations.

Therefore, in the early days it has been thought that the remaining portion might be

observed in the in-plane spectra. It is necessary to point out that this is only observed

for the Bi2212 system in the in-plane spectrum, and other systems does not show such

kind of high ! contribution.

We have revealed that the discrepancy of the superfluid density does not come from

the kinetic energy contribution, but it is due to the mistreatment of the transverse

Josephson plasma (TJP) mode. We observed that in the case of suppression of the

TJP mode with Zn-substitution, the superfluid density discrepancy disappears. The

TJP mode creates a broad absorption peak in the spectrum, which causes the under-

estimation of the missing area and leads to the discrepancy of !2
ps.

Based on these results, we conclude that there is no evidence for the

kinetic energy contribution to superconductivity in the c-axis optical spectra.

It can be treated as the misinterpretation of the TJP mode .

5.5 Future Work

Similar study should be performed for other cuprate families to generalize the observed

behaviors for the cuprate families. However, it seems that the c-axis studies are di�-

cult to perform for other cuprate families, since they have significantly smaller c-axis

conductivity. Furthermore, the studies in the heavily underdoped region of the phase

diagram also very di�cult to perform due to the weak electronic response along the

c-axis in this doping regime.
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Therefore, the response of the precursor state in the in-plane spectrum should be

distinguished and this study should be performed in in-plane spectra. Higher electronic

component of in-plane response make the analysis easier in this direction. Moreover,

in-plane studies will allow us to examine other cuprates, as well. Furthermore, the

lower doping regime will be studied with more accuracy and the interplay with the

antiferromagnetic state and the superconductivity will be discussed in more detail.
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[67] Martin Dressel and George Grüner. Electrodynamics of Solids. Cambridge University

Press, 2002.

103



REFERENCES

[68] R. De L. Kronig. On the Theory of Dispersion of X-Rays. Journal of the Optical Society

of America and Review of Scientific Instruments, 12:547, 1926.

[69] A. B. Kuzmenko. Kramers–Kronig constrained variational analysis of optical spectra.

Review of Scientific Instruments, 76:083108, 2005.

[70] T. Masui, Y. Uraike, K. Nagasao, and S. Tajima. The change of anisotropy by Zn or Ca

substitution in YBCO single crystals. Journal of Physics: Conference Series, 150:052152,

2009.
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B. J. Ramshaw, R. Liang, D. A. Bonn, W. N. Hardy, and L. Taillefer. Broken rota-

tional symmetry in the pseudogap phase of a high-T
c

superconductor. Nature, page

519, 463.

[78] N. Miyakawa, P. Guptasarma, J. F. Zasadzinski, D. G. Hinks, and K. E. Gray. Strong

dependence of the superconducting gap on oxygen doping from tunneling measure-

ments on Bi2Sr2CaCu2O8��

. Physical Review Letters, page 157, 1998.

[79] J. L. Tallon, J. W. Loram, G. V. M. Williams, J. R. Cooper, I. R. Fisher, J. D.

Johnson, M. P.Staines, and C. Bernhard. Critical doping in overdoped high-T
c

su-

perconductors: A quantum critical point? Physicica Status Solidi (b), 215:531, 1999.

104



REFERENCES
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