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Abstract

This thesis includes work on two high temperature superconducting systems (HTSC).
namely. La,_.Sr.CuQ, and HgBa,Ca;Cu30g.5. The CuO, planes contained within the
crvstal structure of these materials, as well as in all the other HTSC. hold the keyv to su-
perconductivity. From one point of view the two systems described in this thesis represent
two extremes within a wide variety of HTSC. Las_.Sr,CuQy is the classic representative
of a material with a single CuQO, plane per unit cell and has one of the lowest critical
temperatures. On the other hand, the crystallographic structure of HgBa,Ca,Cu3zOx_; is
based on three CuO, planes. Despite the fact that both of these systems were discovered
quite some time ago relatively little work has been done on them.

Infrared spectroscopy has established itself as a very powerful technique for studying
the properties of superconductors. One out of the vast majority of excitations that
infrared spectroscopy can probe is the excitation responsible for the pairing mechanism
in superconductivity. Furthermore, the energy range covered is compatible with the
predicted value of the superconducting energy gap.

This work is focused on, but not confined to, the infrared study of the normal proper-
ties of both Las_.Sr;CuQO,; and HgBa;Ca;Cu3O0g.s. The reflectivity of La,_ Sr . CuQ),
single crystals has been measured in the frequency range 30 - 9.000 cm™! (0.004
I eV} in directions parallel and perpendicular to the CuO, planes (ab-plane). whereas
HgBa,Ca,Cu30s.s single crystals were studied only in the direction of the ab-plane. Both
the doping and the temperature dependence were studied. For the first time. the high-
temperature optical spectra were obtained. This allowed us to investigate the charge

dvnamics of the anomalous normal state up to 400 K.
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\We observe a gap-like depression in the effective scattering rate 1/7(w.T) below a
temperature T* in both systems. This characteristic behavior of the frequency and tem-
perature dependent scattering rates suggests the existence of a pseudogap state in both
the under- and overdoped regimes of the single-laver HTSC system La,_.Sr.CuQO; for
temperatures exceeding 300 K as well as in the underdoped regime of HgBa,Ca>Cu;0x ;.
The signature of the pseudogap state in the direction perpendicular to the CuQ, planes

is also discussed.
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Chapter 1

INTRODUCTION

1.1 On a historical note

In many conductors the electrons responsible for the current undergo a transition into
an ordered state, i.e., a superconducting state, with many unique properties. The dif-
ference between the superconducting and normal states is very small in energy. but it
is tremendous as far as the resistivity and magnetism are concerned. Both zero resis-
tance and perfect diamagnetism are the hallmarks of superconductivity. The vanishing
of resistance to the flow of electric current below a critical temperature. T.. was discov-
ered by H. Kamerlingh Onnes in 1911 while studying the temperature dependence of the
clectrical resistance of mercury. The critical temperature of the first superconductor was
4.2 K. The immeasurable resistance at temperatures below T. suggested the name for
the phenomenon. The other key property of a superconductor is the appearance of a
large diamagnetism in the superconducting state. This was discovered by W. Meissner
and R. Ochsenfeld in 1933. A bulk superconductor at temperatures below T. behaves as
if the magnetic induction B is equal to zero inside the sample.

An explanation for this challenging problem was not found for decades. This was
partially due to the fact that it required a lot of imagination to deal with such dramatic
changes on a very small energy scale. For example, in the case of aluminum the energy
difference between an electron in the normal and superconducting state is 0.14 x 107" e\’

per clectron. This is an insignificant change compared to the electron’s kinetic energy of
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1-10 eV. Only in 1957 did J. Bardeen, L.N. Cooper. and J.R. Schrieffer establish the first
successful macroscopic theory for superconductivity called the BCS theory. This theory
proves that it is energetically favorable for electrons to form pairs of carriers with opposite
spin and momentum, via phonon mediated processes. called Cooper pairs.[Bardeen57] In
order to break the pair an energy of magnitude 2A is needed. The energy gap. \. a
fundamental property of superconductors, is related to the critical temperature by the

fundamental BCS relation,

2A = 3.54k T, (L.1)

where &y is a Boltzman constant.

Table 1.1: Measured values of A.

The value of the gap taken from tunneling experiments.[Ashcroft76]

element 2A(0)/ksT.

Al 3.4
Hg 4.6
Nb 3.8
Zn 3.2
In 3.6

The experimental gaps follow this equation verv closely with an accuracy of 10Y.
Table 2.1 shows the results of 2A/k,T, based on tunneling data.[Ashcroft76] One of the
first experiments, however, where the energy gap was directly observed was an infrared
absorption experiment.[Richards60]

Between 1911 and 1986 hundreds of superconducting compounds were found. but
the highest critical temperature, T., was only 23 K. The discovery of La,_.Ba,CuQ), bv

J.G. Bednorz and K.A. Miiller in 1986 started a new era in history of superconductivity:



Chapter 1. INTRODUCTION 3

i 'HanC.CuO L4
]

| TiBaCaCuoO ®

1 BiSrCacuo o

| YB8aCuO o

boding temperature of hquid Nitrogen

Critical Temparature, K
H

i *Lasecuo |
w! . |

! LaBaCuO

‘[ Nb.Ge °

i Nb_Sn [y

} NbC  ® ®

i‘ P Nb e Nb_A!

| "’,'. " Nb.Ga i
ol _ AU R
1900 1920 1940 1960 1980 2000

Year

Figure 1.1: Evolution of the critical temperature since the discovery of superconductivity

by K. Onnes in 1911.
The discovery of the cuprates started a new exciting era in the history of supercon-

ductivity. (La.Sr)CuO and HgBaCaCuO, cuprate superconductors with one of the
lowest and highest critical temperatures are discussed in this thesis.

the era of high temperature superconductors (HTSC). La,_,Ba,CuQOy has a T, equal to
30 K.[Bednorz86] In itself a jump in T, of 7 K was not a revolutionary discovery at the
time. However, Cu oxides (cuprates) opened up a whole new family of superconducting
materials with higher transition temperatures. Since 1986 other copper-oxide supercon-
ductors with critical temperatures above liquid nitrogen’s boiling point were discovered.
The HTSC material with the highest T, is HgBa,Ca,Cu30g,5(Hgl1223) which was dis-
covered by Schilling et al.[Schilling93] in April 1993(Fig 1.1). At the optimal oxygen
concentration, T, is equal to 135 K, a record at ambient pressure that remains valid
to this day. Superconductivity at such high temperatures generated enthusiasm in the
technological world and attracted the attention of the public. Visions of many practi-

cal applications were proposed. Powerful superconducting magnets. magnetic resonance
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imaging. brain and heart measurements with superconducting SQUIDs, long distance
lossless transmission lines, levitated trains. lossless computer elements are just some of
them. The most promising application of the HTSC materials are passive microwave

devices for use in satellite communications.

1.2 HTSC and conventional superconductors

1.2.1 Coupling mechanism

There are many differences between high-temperature and conventional superconductors.
The major difference is the magnitude of the critical temperature. Often. the T. of the
cuprates is almost an order of magnitude larger than the T. of conventional supercon-
ductors.

The strongly-coupled BCS theory describes conventional superconductors very well.
Phonon-mediated pairing is responsible for the superconductivity in these materials. This
was proven by the isotope effect. In conventional superconductors T, is proportional to

the frequency of phonons which is in turn inversely proportional to the mass.
T.~Op~ AM"° (1.2)

For superconductors such as Hg, Tl and Pb a = 0.5.[Kittel86] However, in case of
optimally doped HTSC « is between 0 and 0.1. A very small a and an extremely
high T. suggest that phonons are not the major contributor to the pairing mechanism.
Nevertheless, the origin of the isotope effect in HTSC is still under dispute.

Difficulties in explaining the isotope effect in HTSC could be related to a very compli-
cated crvstallographic structure. Most conventional superconductors have the simplest
crystal structures, such as body-centered cubic or face-centered cubic with only several

atoms per unit cell. The HTSC's crystallographic structure is perovskite-like with two
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tvpes of copper-oxide layers commonly referred to as layers and chains, and up to a dozen
other atoms in a chemical unit cell. The other layers in the cuprates are often called the
charge reservoir layers or the doping block. Figure 1.2 reflects these general features
of the HTSC's crystal structure. The “openness” of the cryvstal structure allows one to
introduce dopants by adding oxygen or by chemical substitution. For example, La,CuQ),
is the parent compound for La,_.Sr,CuQy. The replacement of some of the trivalent La
by divalent Sr varies the critical temperature from 0 K up to 40 K (see Fig 1.3). The
undoped phase of the HTSC material is an antiferromagnetic insulator with a gap of
1.5-2 eV, However, considering that the valency of La is +3 and the valency of oxyvgen is
—2. then the valency of Cu should be +2. This leads to one hole per formula unit and
suggests that La,CuQy is metallic with a half-filled band. In reality strong electron corre-
lations can split the half-filled conduction band into two bands. One of them is filled and
the other is empty. A charge transfer gap between the bands results in semiconducting

properties.

1.2.2 Gap symmetry

Perhaps one of the hottest issues in the history of HTSC was the symmetry of the Cooper
pairs. For conventional superconductors the wavefunction of the Cooper pair is isotropic
with an angular momentum equal to zero. It is widely known as an s-wave supercon-
ducting order parameter. The HTSC’s are highly anisotropic materials. An important
experimental manifestation of the type of mechanism for HTSC is the degree of gap
anisotropy. For s-wave pairing the gap parameter A(E) remains nonzero, but may varv
somewhat as the wavevector k moves around the Fermi surface, while for p- and d-wave
pairing A(k) goes to zero at points or along lines on the Fermi surface. The wealth of

experimental data has narrowed the question about the symmetry of the order parameter

generally to two scenarios: pure d-wave or a mixture of d and s wave. The difference



Chapter 1. INTRODUCTION 6

5 SEE 0
NES h

Cuo . plane

. A

_— insulating
e T .planes

Cuoz plane

Figure 1.2: A schematic diagram of the CuO, plane and HTSC's crystal structure.
The upper figure shows the planar arrangement of Cu and O atoms. Cu atoms have
magnetic moments which form an antiferromagnetic sublattice. The lower figure is
mostly based on (La,Sr)CuQ’s crystal structure. It emphasizes the conducting CuO.,
layers separated by a couple of insulating planes. The direction of CuQO, structure is
called the ab-plane. The perpendicular direction is called the c-axis.
between d and s wave symmetry is not just in the shapeof the order parameter. but
also in the fact that d-wave has a sign change associated with it. In A-space the order
parameter is related to the energy gap, A. The particular direction in k-space where
the gap vanishes would ultimately be reflected in the experimental data as the presence
of excitations starting at zero energy for the experimental techniques that represent an
averaged over all (or the majority) k space. Such experiments include infrared (IR) spec-

troscopy, microwave conductivity, NMR and specific heat measurements. For example.

one of the first experiments to suggest d-wave symmetry in the order parameter was
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The general features, such as the presence of the antiferromagnetic phase and the
superconducting state, are present in all HTSC.(from Ref. [Schilling93])
the measurements of the linear-in-temperature(as opposed to T?) penetration depth in
YBa,CuzO6.95(Y123) by Hardy et al.[Hardy93| This shows that the density of excitations
drops more slowly with temperature than it would for a constant gap.

There are several experiments that can actually resolve the & dependence of the gap
symmetry. Polarization-dependent angle-resolved photoemission studies by Z.-X. Shen
and Campuzano’s groups on high-quality untwinned single crystals of Y123 and Bi,CaCu, Oy
(Bi2212) reveal modifications to the near-Fermi-edge spectral weight that are indicative
of an anisotropic superconducting energy gap.[Shen93, Harris96, Ding96, Ding97] The
measured magnitude of the shift of the leading edge increases monotonically, reaching a

maximum value of approximately 25 meV. The authors note that within experimental
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crror their results are consistent with a d.2_,: order parameter, where A(k) is propor-
tional to cos(Exa) - cos(Eya), but qualitatively incompatible with an extended s-wave gap
proportional to cos(EIa) +cos(k:ya). However, they point out that they cannot distinguish
between pure dzz_,2 symmetry and mixed s + id symmetry because they are unable to
prove that the gap really is zero.

Several phase-sensitive experiments using DC-SQUIDs, tricrystal substrates. and
thin-film superconducting rings containing three grain-boundary junctions have pro-
vided the strongest evidence for d-wave symmetry of the order parameter in Y123 and
T1,BasCuQOs.s (T12201) samples.[Tsuei94, Kirtley95, Tsuei96] The authors of the first
experiment on Y123 had difficulties interpreting their results based on the effects of the
CuQO, bilayvers in the unit cell, the orthorhombic crystal structure, and the CuO chains.
These objections were overcome in experiments involving cuprates such as T12201 with
a single CuQ, layer in the unit cell, a tetragonal crystal structure, and no CuO chains.
A high-resolution scanning-SQUID-microscopy study demonstrates the effect of sponta-
neously generated half flux quanta (7 phase shifts) in superconducting rings containing
three grain-boundary junctions. Half-integer Josephson vortices (containing flux /1/4¢)
were also observed in a T12201 film, but only at the tricrvstal point (the point where the
three grain boundaries of the tricrystal substrate come together). whereas only ordinary
Josephson vortices (flux h/2e) were trapped at the bicrystal grain boundaries. These
observations show that the order-parameter symmetry in T12201 is consistent with a

pairing state with dz2_,» symmetry as observed in Y123.

1.2.3 Anomalous normal state properties

The extensive search for the superconducting gap and its symmetry directed attention

towards a different problem: the anomalous normal state properties of the cuprates.
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Since the discovery of HTSC, it has been noted[Gurvitch87] that normal state resistivity
is linear up to extremely high temperatures. A tremendous amount of experimental work
concentrating on the normal properties of HTSC has been collected over the last three
vears. However, there is still no consensus about the mechanism behind these unusual
phenomenon.

An NMR study of Y123 was the first experiment showing the so-called “spin gap™ or
“psceudogap”. [Warren89] As a function of temperature, both the spin susceptibility and
the nuclear spin-lattice relaxation rate was suppressed below a characteristic temperature
T*. a temperature that can significantly exceed the superconducting transition temper-
ature T.. The spin susceptibility is proportional to the number of electrons with spins
aligned along the applied field. It takes more energy to flip the paired spin rather than
a single spin. Thus, the spin susceptibility is suppressed. This argument produced the
idea that the preformed pairs already exist in the normal state. The name ‘pseudogap’
developed because, first of all, it was observed above T. and, secondly, an actual zero
value in the gap was never observed.

The normal state transport properties of HTSC are strongly affected by the preseuce
of the pseudogap.[Batlogg94, Bucher93, [to93, Walkes93] The resistivity of YBa,Cuz O is
a linear function in temperature well above 300 K. However, if the oxygen concentration
is reduced, the slope of the resistivity becomes steeper developing almost a T?-behavior.
The temperature at which the slope of the resistivity changes is called T*. The value
of T* as well as its doping dependence suggests a common origin between the transport
phenomenon and the NMR data. The spin fluctuations responsible for a suppression
of the Knight shift could be the source of the reduction in the scattering seen in the
resistivity data. On the other hand, the specific heat measurements[Loram93. Loram94]
show that the mechanism behind the anomalous normal properties of HTSC is not limited

to a magnetic origin but also has a charge origin.
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Several groups have studied the k-space dependence of the pseudogap using angle-
resolved photoemission spectroscopy (ARPES).[Marshall96a. Loeser96. Ding96. Ding97]
The photoemission spectrum gives information about the electronic energy as a function
of k. For a normal metal at zero temperature the spectrum is constant down to the Fermi
energy, €. Below this energy a sharp drop develops. If there were a gap at the Fermi
surface then the density of states would descend for energies less than ex. In underdoped
Bi2212 it was found that the drop below the Fermi energy occurs above T.. The size of
the pscudogap was independent on the doping level. It also seems to dissappear above
optimal doping.

Several other techniques were used to study the pseudogap. Vacuum tunneling
spectroscopy(Renner98], Raman spectroscopy,[Blumberg97, Nemetschek97] and neutron
scattering experiments[Rossat-Mignod91, Tranquada92] have all shown evidence of a gap-
like feature in the normal state of various materials.

The infrared reflectance technique is also suitable for investigating both the nor-
mal and superconducting properties. The term “pseudogap” was first introduced by
C.C. Homes while studying the c-axis conductivity of Y123.[Homes93b] A. \". Puchkov
et al.[Puchkov96d] reported studies on the electromagnetic response of three different
families of HTSC (Y123 and Y124, Bi2212, and T12201) which together allowed the au-
thors to cover the entire doping range from under- to overdoped. The evolution of the
pscudogap response by changing the doping level, by varying the temperature from above
to below T*, or by introducing impurities in the underdoped compound was explored.
A memory-function analysis of the ab-plane optical data most clearly revealed the effect
of the pseudogap. It was found that it occurs in underdoped samples. One exception
to this rule was the compound Bi2212 where T* was higher than T. in the optimally
cdloped regime. The main conclusion was that the scattering rate of underdoped HTSC is

1

lincar and temperature independent over a significant frequency range (750 cm~! up to
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3000 cm™'). Below 750 cm™! the scattering rate drops off faster, almost as w2. The region
where strong suppression of the effective scattering rate occurs is called the “pseudogap”.

The vast majority of the experiments described above were done mostly on two mate-
rials: Bi2212 and Y123. The technical aspects of working with Y123 are better developed.
The latter’s critical temperature of 93 K allows an experimentalist to perform the study
using relatively inexpensive refrigeration equipment. In addition. the methods of grow-
ing and working with Y123 are well advanced. Nevertheless, the casily cleaved surface
having atomic smoothness made Bi2212 the material of the choice for the tunneling and
ARPES spectroscopies. However, there are some drawbacks to the measurements done
on Bi2212 and Y123. Both systems possess two CuQ; planes per unit cell. This makes
an explanation of the role of the CuQO; plane in HTSC extremely difficult. In addition
Y123 has a more complicated structure because of its CuO chains. It has been deter-
mine from DC resistivity,[Gagnon94] penetration depth measurements,[Zhangk94] and
the IR data {Basov95a] that both the CuO chains and the CuQO, planes bring an equal
contribution to the conductivity. This makes the study of the role that the CuO, planes
play in superconductivity more complicated. Furthermore, Y123 and Bi2212 are limited
as far as doping possibilities are concerned. In order to obtain a general picture about
the doping dependence of the pseudogap it is necessary to include different familics of
HTSC.

LSCO is an excellent prototype system for studying the doping dependence. \With
Sr substituted for La, it is possible to go through a complete doping range from under-
to overdoped. In contrast, Y124 is invariably underdoped. Y123 and Bi2212 can be
underdoped and slightly overdoped, and T12201 is always overdoped. Moreover. the fact
that LSCO consists of only one CuQO; plane per unit cell helps to pinpoint the role of the
planes without complications due to chain-plane interactions and the presence of closely

coupled CuQO- planes.
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Another aspect of LSCO should be mentioned. Based on NMR results the pscu-
dogap has been attributed only to cuprates with more than one CuO, layer per unit
cell.[Millis93] According to the authors, the weakly coupled CuO, planes in LSCO would
prevent long-range spin density wave ordering because of the low dimensionality. This im-
plies that a spin-gap or a pseudogap cannot be observed in LSCO. However. the transport
measurements on LSCO indicate anomalous normal properties similar to those found in
Y'123. Additionally, the IR optical measurements by Uchida et al.[Uchida96] confirmed
that a suppression of c-axis conductivity similar to Y123 was present in underdoped
LSCO with x = 0.12. This, along with the several reasons mentioned above. stimulated
our study of IR optical properties of LSCO.

Apart from the fact that the data presented in this thesis for the Hg1223 compound
are the first optical spectra for this material, the behavior of the pseudogap is extremely
intriguing because it has a triple CuQ, layer structure. In all other measurements the size
of the pseudogap in the direction of ab-plane was both material and doping independent.

Would it hold for the highest-vet-found HTSC described in this work?

1.2.4 Thesis overview

The main focus of this research is the study of pseudogap as a function of doping. tem-
perature and the number of CuO; planes by means of infrared optical spectroscopy. The
choice of infrared spectroscopy as a primary tool for this study is a result of a compromise
between a desire to investigate the broadest range of properties and using a single ex-
perimental technique. It permits one to study such phenomena as electronic transitions.
phonons. psecudogaps, superconducting gap, and the scattering rates of conducting carri-
ers in the energy range from 10 em~! up to 10000 cm~!. This frequency range allows one
to establish a connection between low-frequency experiments. for example DC transport.

microwave, tunneling, Raman, to the high-energy measurements, such as ARPES and
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X-ray spectroscopy-.

Chapter 2 will provide the necessary background for the analysis of the optical data
as well as some details of the experimental apparatus.

Chapter 3 will discuss the optical properties of the underdoped LSCO. A comparison
with the double layer cuprates is made. Pseudogap features along both the ab-plane and
c-axis directions are presented.

Chapter 4 deals with the widely believed statement that the pseudogap is a signature
of only the underdoped families of HTSC. The manifestation of the pseudogap in over-
doped LSCO is described and compared to the recent data obtained from an identical
sample using Raman spectroscopy.

Chapter 5 provides new insights into the charge dynamics of the triple layver HTSC

Hgl1223.



Chapter 2

THEORY AND METHODS: IR Optical Properties of Solids

2.1 Reflectance measurements

Infrared spectroscopy has established itself as a very powerful technique for studving the
properties of superconductors. One out of the vast majority of excitations that can be
probed by infrared spectroscopy is the excitation responsible for the pairing mechanism
in superconductivity. Furthermore, the energy range covered is compatible with the
predicted value of the superconducting energy gap as well as many other interactions in
the HTSC systems. Figure 2.1 exhibits some of the important energy scales in metals
and superconductors.

The instrument used in the study is a Fourier transform Michelson interferometer.
The reflectance obtained in these experiments usually covers the range from 20 cm~! up
to 9.000 cm ™!,

Since the information obtained is only the real part of the complex reflectance then

Kramers-Kronig analysis must be used to extract both parts of the complex optical

Table 2.1: Combination of the lamps, beam splitters and detectors used in the Michelson
interferometer.

Range, cm~'| Lamp Beam splitter Detector
20 - 250 Hg arc | 12.5u(50G)Mylar 1.2 K Si bolometer
100 - 800 Hg arc 3u(12G)Mylar 4.2 K Si bolometer
1450 - 9,000 | Tungsten KBr 77 K HgCdTe(MCT)
600 - 8.000 | Tungsten KBr 77 K HgCdTe(MCT)(JD16 EG&G)

14
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constant. The mathematical aspects of the analysis are discussed below. However. it
is important to mention here the necessity of the high-frequency data in the Kramers-
Kronig calculations. Obtaining this data requires the use of a grating spectrometer and
an ecllipsometer (Fig. 2.1). Besides supplying the information for the high-frequency
extrapolation, ellipsometry allows one to obtain both the real and imaginary parts of
the optical constants in the near IR, visible and near ultraviolet regimes directly from
the experiment. It is useful to check the accuracy of a Kramers-Kronig calculation by
comparing it to the ellipsometric data. The avaliable ellipsometric apparatus. however. is

limited to room temperature measurements and the programs are for isotropic samples.

eV
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Figure 2.1: The energy scales involved in superconductivity.

A prototype of the interferometer was developed by Michelson in 1880. Despite its
age it has still been used as the primary device in infrared spectrometry. A sketch of the

experimental setup is shown in Figure 2.2. Such instruments allow one to measure the
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Figure 2.2: Schematic diagram of the apparatus used to measure IR reflectance.
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infrared reflectance as a function of both frequency and temperature. The broad band
light source used was either a mercury arc lamp or a tungsten lamp. The light from the
source is directed by a mirror onto a mylar beam splitter which has the property of being
able to reflect and transmit equal amounts of light. The two beams divided by the beam
splitter are reflected back by one stationary and one movable mirror. The recombined
beams will then interfere with each other. Whether the interference is constructive or
destructive depends on the path difference and the frequency of the light. After passing
a set of mirrors the beams travel through a chopper that is only used in the alignment
procedure. Finally, the light hits the sample positioned inside of the cryvostat.

The sample is glued to the apex of a cone (see Figure 2.3). To utilize the whole
sample. an overfilling technique is used so that light that misses the sample is scattered
out of the optical path.[Homes93a] The reflectance of the sample (Ry) is compared to
the reflectance of a stainless-steel reference mirror (R,,). By alternating between the
sample and reference mirror every few minutes one can eliminate the effects of long term
drifts in both the detector response and in the light source. The rotation also allows one
to place the sample in front of an evaporator. To correct for the sample size and any
irregularities in the surface, and to eliminate the effects of the reference mirror. an in
sttu evaporation of a metallic film (Au or Al) onto the surface of the sample was used.
The coated sample was then remeasured (R,s) and the absolute value of R was given by

the ratio of spectra before and after plating, corrected for the absolute reflectance of the

(B () "=

The accuracy of the absolute reflectance is estimated to be < +1%.

metallic film. [Palik853]

The brass cone holding the sample was anchored with a copper braid to the cold finger

of a continuous flow cryostat to insure proper thermal contact. The available temperature
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Figure 2.3: Diagram of the sample holder and the cold finger.
Stage I: The light from the source hits the sample and the reflected light is detected.
The rotation of the cryostat allows one to compare the reflectance of a sample to that
of a reference mirror. Stage II: Similar measurements are repeated with the thin layver
of gold evaporated on the surface of a sample. The ratio between the data obtained

from Stage I and the data from Stage II gives an absolute value of the sample’s
reflectance.
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range varies from 10 K up to 850 K. However, in the present study the highest measured
temperature was 400 K.

[t is also possible to measure the reflectance along different crystallographic direc-
tions. This can be accomplished by introducing a polarizer at the chopper position. The
orientation of the chosen axis can be calibrated by plotting the reflectance ratio as a
function of the polarizer angle, and then least-squares fitting it to a sin®#@ function. The
estimated error in the angle between the chosen axis of the crystal and the polarizer axis
is less than 1°. The polarizer leakage of other polarizations is less than 0.4% of the signal.

After passing the cryostat the light is collected by a toroidal mirror and is focused
onto a detector. The plot of the detector signal as a function of mirror position. which
is referred to as the interferogram, can be Fourier-transformed into the light signal as a

function of frequency.

2.2 Theory

In order to interpret the reflectance data, the electromagnetic theory of light should be
used to derive the complex reflection coefficients in terms of the macroscopic optical
properties that characterize the specific sample under study. A considerable amount of
work has been done on this topic. A detailed discussion can be found in a number of
books and articles.[Ashcroft76, Kittel86, Timusk89, Wooten72, Landau84] The purpose
of this chapter is to provide the background information that is essential for the analysis

of the reflectance data where the angle of incidence is close to normal.
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2.2.1 Dielectric response function

Consider a medium which is isotropic, linear in response, and homogeneous.! If the mag-
netic field does not vary with frequency (static case) then the definition of the dielectric

constant € is described by the following expression:
D=F +47P =¢E, (2.2)

where ¢ is the static dielectric constant, D is the displacement and E is the electric ficld.

In the dynamic case, i.e. when € = e(w) Eq. 2.2 would transform into.
D(w) = E(w) + 47rP(w) = e(w)E(w). (2.3)

The reflectivity defined in terms of the dielectric function is:

2
= et (2.4)
Ve+1

The complex index of refraction, N (w). is given by:

N(w) = n(w) + ik(w) = (e (w) + iea(w)) />, (2.5)
so that.
a(w) = n’(w) -k (w) (2.6)
e(w) = 2n(w)k(w). (2.7)
Finally. the power absorption coefficient is:
a(w) = Zh(w) = 22w (2.8)
c cn

"The units used in this thesis are CGS
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The physical meaning of the imaginary part of the dielectric function is it describes

how much energy is dissipated.

2.2.2 Kramers-Kronig transformations

The Kramers-Kronig transformations relate the real and imaginary part of the complex
response at all frequencies. However, certain conditions have to be satisfied. Consider
the response function f(w) = Ref(w) + iImf(w).[Kittel86] First of all. the poles of f(.)
must be below the real axis. Secondly, the integral should vanish around an infinite
semicircle in the upper half of the complex w-plane and f(w)—0 uniformly as |w|—.
Finally. and most importantly the response must be linear.

The Kramers-Kronig relations for f are:

’P/ QImf Q) (2.9)

Imf(w) = P/ Ref(Q (2.10)

Il

Re f(w)

Here. P means “principal part”.
The Kramers-Kronig transformations are a direct consequence of the causality prin-
ciple. Ref and Im f must be related to each other to satisfy causality.

Applyving Eq 2.10 to the dielectric function one gets the following:

2 QCO(Q) .
470 4¢

2(4)
= ’P + — 2.12
€2(w) / Q2 > ds? . (2.12)

where oy is the DC conductivity.

Finally, the complex reflectance is defined as,

r(w) = |R(w)['? exp(:f(w))- (2.13)
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In an experiment only reflectance, R, is obtained. The Kramers-Kronig relations are
used to extract the phase shift. Therefore, it is important to gain experimental informa-
tion about R over as wide a frequency range as possible. Typically, the extrapolation is
used to extend the data beyond the measured frequency interval. At high frequencies a
R~w™P relationship with 0<p<4 is used. For an insulator the reflectance is considered
to be constant at low frequency. For a metal the reflectance follows the Hagen-Rubens
relation. R =1 — (2wpg/7)'/?, where py. is the dc resistivity.[Timusk89]

After putting together the data and the extrapolation the Kramers-Kronig relations

can be applied:

9(w) = / “‘R(Q S do. (2.14)

By knowing both r(w) and #(w) the rest of the optical constants can be determined

from the Fresnel equations.

2.2.3 The free electron’s dielectric function

Using the equation of motion of a free electron in an electric field one can get an expres-

S101L:

By substituting the following equations,

E = Ejexp(—iwt), (2.16)

[§V]
—
~1
—_

Zo exp(—iwt), (2.

Q1
I

into Eq 2.15 one can obtain the expression for the dipole moment of the electron:

—

2
e’E 5

mw?
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Then the polarization which is the dipole moment per unit volume is equal to:

—

’E
P=—ne:r=—ne - (2.19)
mw
The dielectric function in this case is given by,
D
ew) = —_.-@ (2.20)
E(w)
| 4 dmPw) (2.21)
E(w)
or by substituting Eq. 2.19 it will take the form of
4mne? 5
€w)=1-— (2.22)
The plasma frequency w, is defined by the relation:
W2 = dmne” (2.23)
m

Usually, the contributions from high-energy interband processes and atomic cores give

rise to a background which can be included as e(oc). Eq 2.22 would now look like:

47ne®

(2.24)

e(w) = e(oc) — .
() = e(00) = ==
Note that one of the ways to determine a plasma frequency is to find the conditions where

the dielectric function is zero.

2.2.4 Drude theory

Frequently. particularly in the case of metals. the complex optical conductivity o(w) =
o1(w) + loa(w) is considered. The dielectric function and the optical conductivity are

related by the equation:

[RV]
[V
ot
-

o(w) = i%(l — e(w)). (2.2:
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P. Drude established a simple model of metallic conduction in 1890.[Ashcroft76] The
theory is still used as a starting approximation in complicated situations. There are
several assumptions that have to be made when applying this model. The first is the free
clectron approximation. The second assumption is that the collisions occur between two
or more clectrons and static defects instead of between electrons or between electrons
and other excitations such as phonons and magnons. The probability of a collision per
unit time is given by 1/7. The third assumption states that the average time between
collisions is independent of position and velocity. Finally, it is assumed that electrons
achieve thermal equilibrium only through collisions.

Consider that all the above assumptions are satisfied and under the influence of an
external field the Fermi surface moves in the opposite direction to the field by an amount
proportional to current density. The equation of motion of an electron with momentum

P experiencing a periodic electric field is,

dp p =
— =—=—¢F. 2.26
dt ;€ { )

Substituting E = Eg exp(—iwt) and § = pg exp(—iwt) one can obtain

—iwp(w) = —l)—;—) —eE(w). (2.27)
The current density is,
fw) = e (2.28)
m
1/7
= o(w)E(w). (2.30)

Consequentially, the optical conductivity in the Drude model takes the form:

_Tdc (2.31)

olw) = 1 —iwt’
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where o4. = ne*r/m is the dc conductivity.
The real and imaginary parts of the Drude conductivity can be presented as
2
- f‘/_p T ) 3’)
o1(w) i 1 + w?r? (2-32)
w? o owr
=2 2.33
?W) = Tr e (233)

Here. w, = 4wne*/m is the plasma frequency of the free carriers. A tvpical curve of the

real conductivity given by Eq.s 2.32 and 2.33 is shown in Fig. 2.4.
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Figure 2.4: The frequency dependence of the real and imaginary parts of optical conduc-
tivity given by the Drude theory.

2.2.5 Extended Drude formalism

In real systems such as HTSC, the conductivity has a more elaborate form than that
described by a simple Drude model. Two models have been used for HTSC: one and
two component models. In the one component model, the optical response is due to

absorption of energy by one source of carriers, the itinerant conduction electrons. with a
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frequency dependent scattering rate 1/7(w) and a frequency dependent mass m*. This
is a result of the strong interactions with dynamic excitations arising from the strong
clectron-electron interactions. The single component formalism is commonly referred as
the extended Drude model. For the two component model, one assumes that there are
two contributions to the frequency spectrum: one comes from the conduction electrons
and the other is related to the polarizable bound-state electron (mid infrared) carriers.
The two component model can also be regarded as arising from a double relaxation
process, two different scattering mechanisms, rather than two sets of carriers.[Allen76]

Both models have their advantages and drawbacks. For HTSC, the spectra obtained
from lightly doped cuprates reveal distinct and well separated absorption features well
separated from the Drude band.[Timusk89] Thus, a two component model seems ap-
propriate. The low frequency Drude band dominates more as the doping increases and
the single-component approach gives better treatment of the optical response at low fre-
quencies below 1 eV. The effective mass loses its physical meaning and becomes negative
above 7,000 cm™![Puchkov96c] suggesting the influence of additional excitations.

[t has been suggested that it is safe to apply the single component model to analvze the
data at cnergies below 4,000 cm™!.[Basov98a] Thomas et al.[Thomas88] noted that the
number of carriers estimated from the optical spectra corresponds to the value obtained
1

from the chemical valence argument if a cut-off frequency of 8.000 cm~! is used. Hence.

1

the response of conducting carriers is dominant up to 4,000 cm~!. Also, by examining

the temperature dependence of the real part of the conductivity and considering that the

temperature dependence is usually assigned to “free” carriers, one can conclude that the

1

one component model can be used up to 3.000 or 4,000 cm™'. Furthermore. theorctical

calculations by Atkinson and Carbotte [Atkinson97| point out that in the case of Y123

the interband contribution from chain-plane transition introduces a minor factor for a

3

ab-plane conductivity at frequencies below 2.000 cm™'. This suggests that the main
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response comes from intraband processes.

However, the main deficiency of the extended Drude model is the fact that it is based
on an oversimplified version of Fermi liquid theory. This theory is highly questionable in
HTSC. One way to avoid this shortcoming is to calculate the conductivity. first. by using
a more complicated anisotropic theory with a k dependent Fermi velocity and then using
the calculated conductivity to find the effective scattering rates and the effective masses.
This approach was used by Branch et al[Branch97] and Stojkovi¢ et al.[Stojkovi¢9G]

Despite the possible disadvantages of the extended Drude model it has been widely
accepted in the infrared community as an extremely fruitful tool to analvze the charge
dynamics in cuprates.[Thomas88. Collins90, Rieck95. Basov96. Puchkov96a] An overview
of the model is offered below based on the work of several theoretical groups.[Allen71.
Dolgov95. Shulga91, Gotze72, Allen76, Webb86]

In the extended Drude model the optical conductivity can be described by making
the damping term in the Drude formula complex and frequency-dependent: M (w.T) =
1/7(«.T) ~ iwMw, T), where M(w) is called a memory function.

1 w? 1 w?

= P _ : (2.34)
47 M(w,T) —iw d7l/7(w.T) —iw[l + Mw.T)]

o(w, T) =

To recover the classical Drude result the memory function can be expanded for small

frequencies into a Taylor series. The conductivity will then take the form:

_ b wy _ (2.35)
47 1/7(0) — iw(1 + A(0))

o(w,T)

The alternative way to reduce Eq. 2.34 to the familiar Drude form is to introduce
a renormalized scattering rate 1/7"(w,T) = 1/[7(w.T)(1 + AM(w.T))| and the effective

plasma frequency wljz(w, T) = wf,/(l + AMw,T)):

1 wyt(w, T)
A7 1/ (w, T) — iw

o(w, T) =
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2
1/7(w) = %Re(%w) : (2.37)

1/7*(w) is physically meaningless, at least when interpreted as a scattering ratec.
Equation 2.37 demonstrates that 1/7(w) and 1/0(w) are identical except for a multi-
plication factor. Thus, it is the real part of a physical response function, 1/o(x). and
obeys a Kramers-Kronig relation. 1/7%(w) does not obey a Kramers-Kronig relation and
is not directly a physical quantity. If a theoretical calculation of electrons scattering
off of some other boson-like excitation is made, then 1/7(x) is closely related to the
imaginary part of the self-energy and the quantity conventionally written iwm"/m is
the real part{Dolgov95]. Within such calculations, in the limit of zero frequency the
normal-state optical conductivity is completely real and is equal to the dc conductivity.
1/64e(T) = pge(T) = me/(7(T)ne?), where py(T), is the dc resistivity. 1/7°(w) does
not enter at all. An alternative explanation is that the quantity with a clear physical
meaning is the mean free path. When one tries to convert the latter into a lifetime. ir is
necessary to know the velocity and therefore the mass. The way to separate these two
effects is to consider 1/7(w). 1/7%(w) is the mean free path mixed up with the velocity
renormalization, while 1/7(w) is the mean free path.

The mass enhancement factor A(w) is given as the imaginary part of 1/0(w):

wf, 1

1

The very narrow Drude peak is a consequence of the large mass. which makes it hard for
carriers, even scattered ones, to stay in phase with the driving field. The total plasma
frequency u;s in Eqgs. 2.37 can be found from the sum rule [;° oy(w)dw = wg/S.

The detailed calculations in the frame of memory function analysis were developed for
clectron-phonon scattering.[Allen76, Allen71, Shulga91] In the case of finite temperatures

Shulga et al. obtained an expression for the effective scattering rate:
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+Q

;-(«w T / Qa2 () F(Q)[‘?wcoth(——) - (w+ Qeoth (L) +
+(w — Q)coth(w_)_TQ)] + _1 . (2.39)

where of, () F(Q) is a phonon density of states weighted by the amplitude for large-angle
scattering on the Fermi surface and T is measured in frequency units.

Eq. 2.39 gives an interpretation of the suppression of 1/7. At low frequencics the
number of energetically accessible states is small. As soon as the scattering channels
become avaliable the scattering rate increases. Yet. one would expect the saturation
of the scattering rate as soon as additional channels are no longer present. Farnworth
and Timusk were among the pioneers in the inverting the spectra to obtain o*F in
BCS superconductors.[Farnworth74] In strong electron-phonon coupling, excited clec-
trons emit phonons and produce a spectrum of conductivity related to o?F(w). The
features observed in the superconducting state are similar to that of the normal state
except for a shift of twice the gap, i.e. wpn + 2A. The results correlate well with the
tunneling data. Moreover, the optical data carried more information. As seen from ex-
periments the effective mass is strongly enhanced. This is a consequence of the enhanced
scattering.

[t should be clear from Eq. 2.39 that the extraction of a? F(w) by optical measurements
is a difficult task. The data must be free of noise as two derivatives are required. However.
the analysis based on the optical data of K3Cso has been successful.[Marsiglio98] The
extracted a®F'(w) by inversion of reflectance data structure is proven to be in adequate
agreement with similar data obtained from neutron scattering results.

A number of theoretical interpretation have been offered to explain the microscopic
origin of the pseudogap. These include nearly antiferromagnetic spin fluctuations{Chubukov97].

condensation of preformed pairs[Emery95b, Geshkenbein], SO(5) symmetry[Zhang97]
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and spin-charge separation[Lee97].Several reviews exist[Randeria97, Timusk98]. [Emerv93h]

2.3 Optical properties of superconductors

All of the HTCS's exhibit a dramatic departure from the Drude form of the reflectivity.
Instead of being close to 100% for frequencies below the plasma edge as expected for
a good metal, the reflectance of the cuprates drops gradually in a typical quasi-linear

fashion until 1 eV. Departure from the optimally doped HTSC vields lower reflectance.
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Figure 2.5: The real and imaginary parts of the optical conductivity of a superconductor
The calculation is based on an s-wave order parameter.

For a conventional superconductor, absorption cannot occur until enough energy is
absorbed to break the Cooper pair. The threshold for absorption in an isotropic s-wave
superconductor is at w = 24, rather than A: because it is necessary to excite both the

particles forming the Cooper pair above the gap energy. In Figure 2.5 we plot o; and a,

for the superconducting state of an isotropic s-wave superconductor. Since the physical
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meaning of o, is absorption then the real part of conductivity is identically zero below
« = 2A. Beyond this frequency the conductivity starts rising sharply until it reaches the
value of normal state conductivity. Note that the difference in spectral weight between
the normal (Fig. 2.4) and superconducting (Fig. 2.5) o is shifted to the delta function
positioned at zero frequency.

[t is generally believed that the superconducting state is rather conventional in the
sense that most experiments can be explained within the framework of a BCS-type the-
ory for a d-wave superconductor. The complete absence of absorption has never been
detected in the conductivity spectra of cuprates. However, the suppression of conductiv-
ity. similar to a “gap-like” drop, has been seen in all HTSC. Most intriguing was the fact
that this analogous superconducting behavior extends above the transition temperature.
Consequentially. in the recent vears the majority of studies on cuprate superconductors
were focused on their unusual normal state properties.

In order to understand the electromagnetic response of HTSC in the normal state it
is useful to discuss the results of other studies. The first insights into this problem were
gained from quantitative charge and spin dynamics studies (resistivity, Hall effect and
magnetic susceptibility) over wide range of temperatures and hole concentrations.{Batlogg94]
The best example to discuss both the temperature and doping dependence is LSCO since
the addition of Sr to La;CuQOy can vary the hole concentration from an underdoped to
an overdoped regime.

Schematically, the general feature of the resistivity, susceptibility and Hall effect co-
efficient and the accepted way of determining T* are summarized in Figure 2.6.

Near optimal doping, 0.15< = < 0.20 for LSCO, the in-plane resistivity exhibits a
T-linear dependence stretched over a wide temperature range. In the underdoped regime.
0.05 < x <0.15, pgp increases superlinearly below T* and grows less rapidly with a near-

lincar T-dependence at the highest temperatures. In the metallic overdoped region. (.2
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Figure 2.6: Signature of the pseudogap in the temperature dependence of the in-plance
resistivity. the Hall effect coefficient and the susceptibility for the three regions of hole
concentration.

(After Batlogg et al.[Batlogg94])
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Figure 2.7: The c-axis conductivity of an underdoped Y123 crystal.
(After Homes et al. [Homes95]) As the temperature is lowered the pscudogap develops.
The inset: The NMR Knight shift (normalized at 300 K) is plotted as a function of
temperature for an underdoped Y123 crystal. The circles show the low frequency c-axis
conductivity for samples with the same doping level.
< r <0.4, the resistivity varies as T", where n increases from 1 towards 2 as the doping
is increased. T* is determined by the increase of dp/dT upon cooling.

A similar approach to parameterize the normal state properties in terms of the pseu-
dogap temperature, T*, has been derived from Hall effect measurements. Well above T*.
the Hall effect coefficient is constant, while below T* it has T-linear dependence.

In magnetic response measurements, T* is assigned to sharp decrease in \(7T'). The
signature of the normal-state gap-like features were observed in the infrared optical
measurements as well. Several families of HTSC, Y123, Y124. LSCO and PSYCCO
(Pb,Sry(Y/Ca)Cu;z0s),[Homes93b, Basov94. Tajima95, Basov95a, Uchida96. Startseva98a.

Reedyk97] exhibit a gap-like suppression in the c-axis conductivity. Figure 2.7 shows that
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the characteristic temperature scale where the suppression occurs matches T* from spin
susceptibility measurements. The size of the gap along the c-axis could be estimated ¢i-
ther from the energy position where the full suppression takes place or from the starting
point of the suppression. As a result, two values were obtained for Y123: 200 cm~! and
400 em™!.

The extended Drude model has been widely used to describe the coherent response
along the ab-plane direction. There is clearly a correlation between the suppression in
the in-plane scattering rate and the pseudogap in the c-axis conductivity. This suggests
a similar mechanism. However, the energy scale of the pseudogap along the ab-plane is
twice as large as that along c-axis.

In the ab-plane the most dramatic manifestation of the pseudogap is observed in the
scattering rate for w < 700 cm™!.[Puchkov96d] By examining the optical results obtained
from the underdoped cuprates the following features are noted(see Figure 2.8): (i) above
the pseudogap temperature (above the T*) the scattering rate is nearly w-linear up to at
least 3,000 cm™'; (ii) for T<T" the scattering rate is suppressed below 700 cm™!. (iii) the
energy scale of the pseudogap (700 cm™!) barely depends on the material. doping level
and temperature; (iv) 1/7(w) is temperature independent above 700 cm~! and (v) 1/7(x)
in the superconducting state is almost indistinguishable from that of the pseudogap state.

A similar threshold structure of the scattering rate is observed in the optimally doped
cuprates (see Figure 2.9). However, T* is less than T, in this case with the exception of
Bi2212.[Puchkov96d] In contrast with the underdoped materials, the temperature depen-
dence of the scattering rate seems to extend over a broader frequency range. Attention
should also be drawn to the common feature for optimally doped cuprates. namelv. an
“overshoot” of the superconducting-state’s scattering rate to values above those in the
normal state.

Figure 2.10 illustrates the general features of the scattering rate curves for overdoped
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Figure 2.8: Scattering rate and effective mass for underdoped cuprates.
(After Puchkov et al.[Puchkov96d]) The frequency dependent scattering rate. top row.
and the mass renormalization, bottom row, for a series of underdoped cuprate supercon-
ductors. The scattering rate curves are essentially temperature independent above 700
cm~ !, but develop a depression at low temperatures and low frequencies. The effective
mass is enhanced at low temperatures and low frequencies.
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samples. The trends are (i) no suppression in the scattering rate is observed at T>T,
with the exception of the slightly overdoped Bi2212 compound:; and (ii) the T-dependence
becomes more pronounced at high frequencies. It should be noted that for the stronglv
overdoped TI2201 sample the frequency dependence of 1/7(w) is reminiscent of Fermi
liquid behavior, but the temperature dependence is still linear whereas a quadratic de-
pendence is expected for a pure Fermi liquid.

For completeness the effective masses are shown below the scattering rates. m/m"
peaks at the frequencies where scattering rate is suppressed. The maximum value of
m/m* varies between 1 and 4.

All of the previously measured materials represent a bilaver family of HTSC. The only
single layer cuprate from the above study was TI2201 which was avaliable as a strongly

overdoped sample.
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Figure 2.9: Scattering rate and effective mass for optimally doped cuprates.
(After Puchkov et al.[Puchkov96d]) The scattering rate has a degree of temperature de-
pendence at low frequencies. In the superconducting state the scattering rate is depressed
at low frequencies.
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(After Puchkov et al.[Puchkov96d]) In the overdoped samples the high-frequency scat-
tering rate shows an increasingly strong temperature dependence. As part of the high-

frequency scattering disappears at low temperatures, the low-frequency depression of

1/7(«w) and the effective mass enhancement decrease in magnitude. This occurs even in
the superconducting state.
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THE PSEUDOGAP STATE OF UNDERDOPED La,_.Sr.CuO;

The presence of a pseudogap in the normal state of the underdoped high temperature
superconductors is by now widely accepted.[Timusk98] The strongest evidence for the
pseudogap state comes from recent measurements of angle resolved photoemission spec-
tra [Marshall96a] as well as vacuum tunneling[Tao87, Renner98]. However, these tech-
niques both demand extremely high surface quality and have therefore mainly been re-
stricted to Bi;Sr,CaCu;0s.5 (Bi2212) and YBa,Cu3;O7_s (Y123) materials, both with
two CuQ, layers per unit cell. Techniques that probe deeper into the sample such as
dc transport[Bucher93. Ito93, Batlogg94], optical conductivity [Basov96, Puchkov96c.
Puchkov96a] and NMR[Millis93] were not only the earliest to show evidence of the pscu-
dogap. but have been extended to a much larger variety of materials. including several
materials with one CuQO, layer.[Batlogg94] In all cases evidence for a pseudogap has been
reported.

The pscudogap in LSCO as seen by NMR and neutron scattering[Mason92] is rather
weak and has led to the suggestion that the existence of the pseudogap in the spin excita-
tion spectrum is only possible in bilayer compounds such as Y123 and YBa,Cu,O,; (Y 124).
In particular, Millis and Monien attribute the pseudogap (or the spin gap) to the strong
antiferromagnetic correlations between the planes in the bilayer. which are responsible
for a quantum order-disorder transition.[Millis93]

Apart from having only one CuO; layer. La,_.Sr,CuQO, (LSCO) is also a good model

system for the study of doping dependences since it can be doped by the addition of

39
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strontium over a wide range: from the underdoped, where T, increases with Sr content.
to the optimally doped where T, reaches its maximum value of =~ 40 K at £ = 0.17. and
to the overdoped region where T, — 0 at z = 0.34.[Batlogg94]

The characteristic signatures of the pseudogap state in the dc resistivity[Bucher93]
arc scen clearly in LSCO[Batlogg94. Uchida91]. There are the striking deviations below
a temperature T* from the high temperature linear resistivity, resulting in a clear break
in slope at T*. It was found by B. Batlogg et al. [Batlogg94] that in LSCO T* decreases
from 800 K to approximately 300 K as the doping level is increased from the strongly
underdoped to just over the optimal doped level. Similar behavior at T = T has
been observed in the Hall effect coefficient and the magnetic susceptibility.[Hwang94.
Topygo96]

The pseudogap can also be observed if the conductivity is measured in the frequency
domain. o(w), where it shows up as a striking depression in the frequency dependent
scattering rate at low frequency. It is found that below a frequency €, = 600 cm~'.
the scattering rate drops below its high temperature, high frequency, linear behavior.
This cffect has been clearly identified in the bilayer materials.[Basov96, Puchkov9Ge.
Puchkov96a] One of the aims of this paper is to see if this behavior can also be observed
in LSCO. A pseudogap state can be defined in terms of this suppression of scattering: the
material is in the pseudogap state when the scattering rate falls below the high frequency
straight-line extrapolation. In the low frequency limit the scattering rate is proportional
to the dc resistivity. Due to this, the 1/7(w,T) suppression should be compared to
the suppression of ppc(T) [Batlogg94] at temperatures below the linear T dependent
region. The IR measurement gives us the possibility to see both the frequency and the
temperature dependence of this feature.

A pseudogap feature can also be observed in the c-azis IR conductivity in the form

of a gap-like region of depressed conductivity at low frequency. It has been reported in
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the YBapCu3O7_; (Y123) and YBa,CuyOs (Y124) materials[Basov96, Homes93b] as well
as in LSCO[Basov95a, Uchida96]. In slightly underdoped LSCO the pseudogap state in
the c-axis direction is not as well defined as it is in the two plane materials.[Basov9g]
However, as the doping is reduced further, the c-axis pseudogap state features below 0.1
e\ become clearer.[Uchida96]

Previous work on the in-plane o(w) of the single layer lanthanum strontium cuprate
includes work on the oxygen doped La,CuQ,_; material[Quijada95], thin films of a
LSCO[Gao93] as well as work done on LSCO single crystal at room temperature[Uchida91].
To our knowledge, a study of the temperature and doping dependence has not been done.
We fill this gap here by performing optical measurements on high-quality LSCO single
crystals at temperatures ranging from 10 K to 300 K at two different doping levels.
both slightly underdoped. Also the optical properties of both the ab-plane and c-axis of
La, 47Srg.13CuO, were measured on the same crystal.

To better display the effect of increased coherence on o(w)qs resulting from the for-
mation of the pseudogap state we use the memory function. or extended Drude analvsis.
In this treatment the complex optical conductivity is modeled by a Drude spectrum with
a frequency-dependent scattering rate and an effective electron mass.[G6tze72, Allen7l]
While the optical conductivity tends to emphasize free particle behavior. a study of the
frequency dependence of the effective scattering rate puts more weight on displaying the
interactions of the free particles with the elementary excitations of the system.[GoldS82]
The temperature evolution of the frequency dependent scattering rate and effective mass

spectra are of particular interest and are defined as follows:

B pe(— ~
. L 42
mwT) 11 (3.2)

me w4n o(w,T)
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Figure 3.1: The temperature dependence of the in-plane resistivity of La; ggSrg ,CuQ),
is shown with a sharp superconducting transition at 36 K.
The shape of the curve is consistent with 7 being greater than 300 K.
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Here. o(w,T) = 01(w.T) + io2(w,T) is the complex optical conductivity and w, is the
plasma frequency of the charge carriers.

The single crystals of La;_.Sr.CuQy, with approximate dimensions 5x3x3 mm?®. were
grown by the traveling-solvent floating zone technique at Oak Ridge [Cheng91] in the case
of r = 0.14 and in Tokyo [Kimura92] in the case of z = 0.13. The critical temperature
was determined by both SQUID magnetization and resistivity measurements and was
found to be 36 K for the nominal concentration of Sr z = 0.14 and 32 K for r = (.13.
Since the highest 7. in the LSCO system has been found to be 40 K for z = 0.17. we
conclude that both crystals are underdoped.

The crystal with £ = 0.14 was aligned using Laue diffraction and polished parallel to
the CuO, planes. The crystal with £ = 0.13 was polished in Tokyo to yield both ab-plane
and ac-plane faces. Both surfaces were measured. Polarizers were used for the ac-face
data to separate the contribution of CuO. planes from the c-axis optical response.

To get an uncontaminated ab-plane measurement it is important to have the sample
surface accurately parallel to the ab-plane to avoid any c-axis contribution to the optical
conductivity.[Orenstein88| The miscut angle between the polished surface normal and the
c-axis was checked by a high precision triple axis x-ray diffractometer and was determined
to be less than 0.8%.

All reflectivity measurements were performed with a Michelson interferometer using
three different detectors which cover frequencies ranging from 10 to 10000 cm~! (1.25 eV’
- 1.25 V). The experimental uncertainty in the reflectance data does not exceed 1%.
The de resistivity measurements were carried out using a standard 4-probe technique.

The result of the resistivity measurement on the same La; g6Srg.14CuQy single crystal
used in the optical measurements is shown in Fig. 3.1. It is commonly accepted that the
DC-resistivity is linear at high temperatures for LSCO and that the pseudogap begins to

form near the temperature where the resistivity drops below this linear trend.[Batlogg9-]
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Figure 3.2: The reflectance of La, gSrg14CuQy (a) and La; g7Srg;3CuO, (b).
The solid lines show the normal state spectra, while the dashed curve shows super-
conducting state spectrum. The thinest line shows the spectrum at the temperature
closest to T.. The insert in the left panel is a semi-log graph of the reflectance at
300 K which shows a plasma edge around 7000 cm™!.
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Figure 3.3: The real part of the dielectric function as a function of =2 for
La; 46Srg.14CuOy4 at 10 K is shown in panel a) and for La; g;Srg.13CuQOy at 25 K is shown

in panel b).
The dashed line is linear fit. The slope of the fit gives the values of the London
penetration depth.



Chapter 3. THE PSEUDOGAP STATE OF UNDERDOPED La,_.Sr.CuO; 16

At lower temperatures there is a region of superlinear temperature dependent resistivity.
The T* value for our samples with £ = 0.13 and z = 0.14 extracted from the phase dia-
gram of Batlogg et al..[Batlogg94] are 650 K and 450 K, respectively. In agreement with
this. the resistivity shows a superlinear temperature dependence below room temperature
as expected in the pseudogap region.

In Fig. 3.2 we present the reflectivity data at temperatures above and below 7, for
the two samples. For clarity, only three temperatures are shown: T = 300 K. an internie-
diate temperature above the superconducting transition and a low temperature (= 10 K)
in the superconducting state. In the frequency region shown the reflectance is strongly
temperature dependent for both materials, dropping by approximately 10% as the tem-
perature is increased from the lowest temperature to 7 = 300 K. The plasma cdge is
observed at 7800 cm™! (see insert of Fig. 3.2). The distinct peaks at approximately 135
and 365 cm™! in the LSCO reflectivity spectra correspond to the excitation of ab-plane
TO phonons and the peak at 500 cm™! corresponds to a LO phonon.[Tajima90] As in all
other HTSC materials, the ab plane has a coherent response with very high reflectance.
Note. that the reflectance of the samples with z = 0.13 is lower than those with =z = 0).14
for frequencies above 500 cm~!. This will manifest itself in the form of a lower overall
conductivity. The low values of both the reflectance and conductivity in LSCO(x = 0.13)
can be explained by a possible oxygen deficiency. Thus, it is plausible that these samples
are even more underdoped than expected.

The complex optical conductivity, o(w), was obtained by Kramers-Kronig analysis of
the reflectivity data. Since. in principle, this analysis requires knowledge of the reflectance
at all frequencies, reflectivity extensions must be used at high and low frequencies. The
Hagen-Rubens formula was used for the low frequency reflectivity extrapolation. with
parameters taken from the dc resistivity measurements on the same sample with z = .14

shown in Fig. 3.1 and the results of H. Takagi et al[Takagi92] for the sample with
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Figure 3.4: The reflectance of La, g;Srg.13CuO, with E || ¢ axis.
The temperature sequences are 10 K, 40 K, 150 K, 200 K, 300 K and 400 K.
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+ = 0.13. For the high-frequency extension for w > 8000 cm~! we used the reflectivity
results of Uchida et al.[Uchida91] At frequencies higher than 40 eV the reflectivity was
assumed to fall as 1/w?*.

We calculate the plasma frequency of the superconducting charge carriers and the

London penetration depth using the following formula:[Timusk89]

e =1--E. (3.3)

The slope of the low-frequency dielectric function, €; (). plotted as a function of « =2

1 1

and 5700 cm™! in the superconduct-

in Fig. 3.3a.b gives plasma frequencies of 6100 crn ™
ing state. The corresponding London penetration depths are Ay = 1/27w,; = 250 nmn and
280 nim for La, g6Sro.14CuQOy and La; g;Srg ;3CuQy, respectively. These values are in good
agreement with those obtained previously by Gao et al. in films[Gao93] (A, = 275£5 nm)
and by muon-spin-relaxation[Aeppli87] (A = 250 nm).

The c-axis reflectance of the z = 0.13 sample is shown in Fig. 3.4. The corresponding
conductivity is low and is dominated by optical phonons (Fig. 3.5).

In YBCO 123 and 124 the pseudogap along the c-axis manifests itself as a depression in
the conductivity at low frequencies.[Homes93b, Basov96. Homes95] There is no coherent
Drude peak and the conductivity is flat and frequency independent. In the temperature
and doping range where a pseudogap is expected a low frequency depression of the
conductivity is seen with an edge in the 300-400 cm™! region where the conductivity
rises to the high frequency plateau.

In order to isolate the electronic features of our LSCO c-axis spectrum we magnify the
low value region of 0. (Fig. 3.5). There is no sharp pseudogap edge in the low-frequency
infrared data for underdoped LSCO as there is in the case of Y123. It is possible that
such a feature could be hidden under the large phonon structure. Efforts to subtract

the phonons in order to extract the background conductivity were found to be extremely
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Figure 3.5: The c-axis conductivity of La, g7Srq ;3CuQy is shown at various temperatures.

Since the phonon peaks are dominant in the direction perpendicular to CuO. planes.
the graph is focused at the background conductivity. The two inserts are the c-
axis conductivity of the underdoped La, g7Srg;3CuQ4 measured at 450 cmm~! and at
600 ¢cm™!. The c-axis conductivity at 450 cm~! is depressed below 300 K. however.
it is almost constant above 600 cm™'. This could be a signature of the pseudogap
formation with the size of 500 cm~! for temperatures less than 300 K.



Chapter 3. THE PSEUDOGAP STATE OF UNDERDOPED La,_.Sr.CuO;, 50

sensitive to the choice of their shape in fitting procedures. Nonetheless. the raw data
clearly shows that there is a low frequency depression of the c-axis conductivity. Conduc-
tivity at 450 cm~! is uniformly suppressed below T=300 K (Fig. 3.5insert), whercas the
conductivity at 600 cm™! is nearly constant at all temperatures. Based on this analvsis
one can conclude that the pseudogap state in the c-axis opens up below 300 K and its

size is approximately equal to 500 cm~!.
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Figure 3.6: The ab-plane conductivity of La; g7Srg 13CuQ; is shown at different temper-
atures.

Manifestations of the pseudogap in the ab-plane conductivity exist as a loss of spectral
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weight between 700 and 200 cm™! balanced by increases both below and above this
frequency. In both Fig. 3.6 and Fig. 3.7 one can see the temperature evolution of the
sharp depression ir ab-conductivity below 700 cm™! at temperatures above T.. A much
clearer picture of the pseudogap state can be seen from the effective scattering rate.
1/7(w.T). calculated from the conductivity using equation (1) which is shown along with
the effective mass in Fig. 3.8 and Fig. 3.9. The 1/7(w.T) spectra can convenientlv bhe
divided into two regions. In the high frequency region, starting at about 700 cm™!. the
scattering rate varies linearly with frequency while in the low frequency region there is
a clear suppression of 1/7(w,T) below this linear trend.[Puchkov96d]| The temperature
where this suppression first appears serves as a definition of T, the onset temperature of
the pseudogap state. As the temperature is lowered below T this suppression becomes
deeper. We find that for underdoped La,_ Sr;CuOy T* > 400 K, an order of magnitude
higher than the superconducting transition temperature T, (32 K). This is significantly
different from previous results on cuprates where T* more or less coincides with T, near
optimal doping.

The temperature dependence above 700 cmm™! is strongly influenced by the level of
Sr doping. In the underdoped sample the high frequency scattering rate is nearly tem-
perature independent up to a certain temperature (Fig. 3.8a and Fig. 3.9a). which we
will call T** above which a pronounced temperature dependence of 1/7(x.T) is scen
(Fig. 3.8b and Fig. 3.9b). In the £ = 0.13 sample T** =~ 200 K while in the r = 0.14
sample T°* = 150 K. It is iteresting to note that these values are in a good agreement
with the crossover temperature found in NMR expriment by Yasuoka et al.[Yasuoka9]
defined as the temperature where 1/T, T has a maximum and equal to 175 K and 110 K
for # = 0.13 and = = 0.14, respectively. We find that in the overdoped samples the
scattering rate above 700 cm™! increases uniformly with temperature[Startseva98h] at

all temperatures suggesting T** — 0 in that limit. This behavior is also seen in other
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overdoped HTSC.[Puchkov96d] The physical meaning of the T** is not clear at this time.
We note however that the state above T** has the properties of the marginal Fermi lig-
uid where there is linear temperature and frequency dependence of the quasiparticle self
cnergy leading to linear resistivity and frequency dependence of the scattering rate.[]

If one extrapolates the 300 K scattering rates to zero frequency one finds, that for

! and for the r = 0.13 sample

the r = 0.13 sample, a scattering rate of 1/75 = 2500 cm~
this rate is = 1500 cm™!. These scattering rates are much higher than what is scen
for the higher T, materials reviewed by Puchkov et al.[Puchkov96d] where at 300 K
1/70 = 1000 £ 200 cm™" for several families and many doping levels. This high residual
scattering differentiates the LSCO material from the other cuprates.

If we call the frequency below which the scattering rate is suppressed the ab-planc
pseudogap we, =~ 700 cm™! we find that it is clearly bigger than the c-axis pseudogap
frequency w,. =~ 500 cm™!.

In addition to the pseudogap depth and the temperature dependence, several other
features seen in Figures 9 and 10 should be mentioned. The position of the pseudogap
remains at 700 cm~! for all temperatures. There are also several peaks positioned at
500 em™! in the scattering rate which complicate the analysis. particularly in the case
of the sample with £ = 0.14. These peaks have been observed by other groups and
have been attributed to polaronic effects.[Yagil94. 1] Another possible explanation is
the correlation of the ab-plane conductivity with c-axis LO phonons. We did observe a
difference in the contribution of LO phonons to the ab plane reflectance with different
propagation directions, an effect first observed by Reedyk et al..[Reedyk92] and also sceen
in the k || ¢ vs. £ L c spectra obtained by Tanner’s group.[Quijada95] In Fig. 3.10 the
reflectance with E || @ and & || ¢, is compared with the reflectance with E || ab and & || a.

for the La; g7Srg.13CuQ, sample at room temperature. There is an extra feature observed

at 500 cm™! in the spectra with & || c¢. Further evidence that the c-axis LO phonons
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Figure 3.8: The frequency dependent effective scattering rate and the effective mass of
La) 47Sre.13Cu0y.

Top panel: the low temperature frequency dependent scattering rate of
La; 47Srg.13Cu0O, below T**(a) and above T**(b) is calculated using Equation (1).
The onset of the suppression in the conductivity corresponds to a drastic change in
the frequency dependence of the scattering rate below T*. Above 700 cm ™! the scat-
tering rate is nearly temperature independent and has a linear frequency dependence
below T**. Below 700 cm™! the scattering rate varies as w!*% and shows a strong
temperature dependence. Bottom panel: The effective mass of La; g7Srp 13CuQ; be-
low T**(a) and above T**(b) is calculated using Equation (2). The onset of the
enhancement of "‘T(:’l corresponds to the onset of the suppression in the scattering

rate.
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couples to ab plane features can be seen in Fig. 3.11. A comparison between the peaks in
the effective scattering rate at 450 cm™! and 580 cm ™! to the peaks in Im(- 1/e.) shows
the same strong correlation seen in many other cuprates.[Reedyk92]

For completeness we also plot the effective mass of the underdoped samples at low

m*°(w)

temperatures(Fig. 3.8c) and high temperatures(Fig. 3.9c,d). As expected, —m('— rises to
a maximum of = 3 forming a peak at = 400 cm™!. This enhancement of the effective
mass in the pseudogap state as well as the upper limit of m_m(’_w_l are similar to what has
been previously reported for Y123, Y124 and Bi2212.[Puchkov96d]

Before closing this chapter we compare our results with the data of Gao et al.[Gao93]
on Lay_;Sr;CuQO,4s films and Quijada et al.[Quijada95] on oxygen doped La,CuQ,_;.
Our results in the underdoped case are comparable with those of the oxygen doped
material, although Quijada et al. did not carry out a frequency dependent scattering
rate analysis for their underdoped sample. The film results of Gao et al. are quite
different from our findings. The films used in that study had a strontium level that
would correspond to optimal doping in crystals. However, the 1/7(w) curves deviate
markedly from what we observe for slightly under and overdoped samples. The authors
performed an extended Drude analysis and found a strongly temperature dependent
scattering rate even at low temperatures. This is in sharp contrast to our results which
would suggest a very weak temperature dependence in this temperature region. Based on
our work, their samples should be in the pseudogap state since they have an x value near
optimal doping. Comparing these results with other systems. in particular with T12202.
two factors suggest the possibility that the films may be overdoped. First. their T, was
near 30 K. lower than that expected for optimal doping. Secondly, it is known that
the oxvgen level in films can vary substantially and in LSCO oxygen can have a major
influence on the doping level[ZhangH94|. On the other hand, we cannot completelyv rule

out the possibility that all the crystal results are affected by the polishing process. and
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Figure 3.9: The frequency dependent effective scattering rate and the effective mass of
Lal_gr,Sro_[‘,CuO‘;.

Top panel: the high temperature effective scattering rate of La, g6Srg 1;CuQ; below
T** (a) and above T** (b) is calculated using Equation (1). Above 700 cm~! the scat-
tering rate has a linear frequency dependence and is temperature independent below
T** (a) and temperature dependent above T**(b). Below 700 cm™! the scattering
rate varies as w!'*9 and shows a strong temperature dependence. Bottom panel: The
effective mass of La; g;Srg 13CuQO4 below T**(a) and above T**(b) is calculated using

Equation (2).
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that the films better represent the bulk material. It is clearly important to measure films
where the oxygen content is controlled by selective annealing.

In conclusion, the optical data in the far-infrared region, taken on two underdoped
single-layered high-T. superconductors, shows clear evidence of a pseudogap state in both
the scattering rate and the conductivity along CuO; planes. This pseudogap state extends
to higher temperatures than that observed in the multi-layered underdoped cuprates such
as YBCO and BSCO.

The scattering rate is similar for both systems in the pseudogap state. At low fre-
quencies, w < 700 cm™!, the scattering rates are temperature dependent and change with
frequency in a non-linear fashion. Above 700 cm ™! this behavior becomes linear. Within
experimental uncertainty the observed high frequency scattering rate of the underdoped
sample is not affected by temperature up to certain temperature T**. This temperature is
equal to 200 K in case of La, g7Srg.13CuQO,4 and 150 K in case of La; gSrg 14CuQO4. Above
T** the high frequency scattering rate is temperature dependent. This behavior is iden-
tical to the high-frequency effective scattering rate of an overdoped HTSC.[Puchkov96d|

Our findings in the direction perpendicular to the CuO, planes showed that the
depression of the c-axis conductivity is not as prominent as the one found in the rwo-
laver HTSC. Nevertheless, the signature of the pseudogap can be seen at frequencies

1

below 500 cm ™" up to room temperature.
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Figure 3.11: Comparison of the position of the peak at 450 and 580 cm™! in the diclectric
loss function of the c-axis phonons with the room temperature effective scattering rate
of Lal_x(;S[’().l.;CUOA(.

The correspondence of the peaks positions, width and the relative strength suggests
that the nature of the peak may lie in the coupling of a ab-plane spectra to the c-axis
longitudinal optical phonons.



Chapter 4

THE PSEUDOGAP STATE OF OVERDOPED La,_,Sr.CuO;

The pseudogap phenomenon in high temperature superconductors has been well es-
tablished with a number of experimental techniques. Probes such as NMR.[Warren89.
Timusk98] angle resolved photoemission (ARPES),[Marshall96b] tunneling, [Tao87. Renner98].
clectronic specific heat.[Loram94] IR spectroscopy.[Timusk98. Homes93b. Puchkov96d.
Homes95] and a number of transport measurements{Ito93. Batlogg94] all show evidence
of a partial gap or a pseudogap in the normal state. This gap forms below a temperature
T*. which is well above the superconducting transition temperature 7.. ARPES reveals
that the pseudogap has a d;z_,» symmetry with the gap going to zero in the k, = k,
direction with a maxima at the zone boundary in the k. = k, = 0 direction. Transport
experiments such as the DC and infrared conductivity show that the pseudogap forms in
the spectrum of low-energy electronic excitations that scatter the charge carriers. As the
pscudogap forms, the scattering rate, 1/7(w.T), is reduced for both the temperature and
spectral regions where the gap occurs. Furthermore, infrared spectroscopy shows that a
depression in the scattering develops below =~ 700 cmm™!. Above this frequency. there is
no temperature dependent scattering. All experiments point to a depressed density of
states below an energy A =~ 40mel” and a temperature T°. Both parameters decrease as
the doping level increases.

A number of theoretical interpretations of the pseudogap have been advanced and a
number of these have incorporated the idea that there should be a crossing of the two

temperature scales that vary with doping: the rising scale of T, and the decreasing scale

60
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of T*.[Lee97, Emery95b, Chubukov97] It is predicted that the two temperature scales are
equal at optimal doping. Indeed, in most of the families of cuprates this is approximately
what is observed. In particular, optimally doped YBa>Cu30Og.95(Y123) shows no sign of a
pscudogap for temperatures 10 K above T,. In Bi;SroCaCu,0g,5(Bi2212). however. there
is evidence that the pseudogap extends slightly into the overdoped state[Puchkov96d].
Batlogg et al.[Batlogg94] performed an extensive study of La Sro_,CuQOy4.s’s (LSCO)
transport properties. From the studies of the resistivity, the Hall coefficient and the
susceptibility, they found that the pseudogap temperature, T*. is significantly higher
than T, all the way up to the nominal Sr concentration of x =0.34. Overdoped LSCO.
the subject of this chapter, forms the extreme exception to the simple picture of the
crossing of the two temperature scales at optimal doping. While the superconducting
critical temperature of LSCO is quite low compared to the other cuprates, the onset
temperature of the pseudogap, T, is unusually high. For example. overdoped LSCO
with x = 0.22 has T ~ 5T..[Batlogg94]

There are other important differences between the pseudogap’s behavior in LSCO
and those superconductors with maximum 7, of 90 K. Both NMR[Millis93] and neu-
tron scattering results[Mason92] suggest that the pseudogap in LSCO is very weak.
The suppression of the spin susceptibility is different in the two HTSC families. The
temperature dependence of the spin susceptibility suggests that a pseudogap may be
present in the underdoped lanthanum compound, but the copper spin-lattice relaxarion
rate shows no sign of a pseudogap for any strontium concentration between 0.07)5 <
r < 0.15.[Ohsugi91] The sharp depression in the c-axis conductivity, characteristic of
Y'123’s pseudogap,[Homes93b] is also absent in recent infrared (IR) spectroscopy experi-
ments on LSCO[Basov95a, Uchida96, Startseva98a]. Instead a weaker drop in the c-axis

conductivity, is observed. However, the energy scale of the pseudogap in the ab-plane
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and along c-axis in LSCO is remarkably similar to the superconductors with a maxi-
mum 7. of 90 K. The size of the pseudogap in the ab-plane is approximately equal to
700 cm™!.[Puchkov96d]

The most striking property of the LSCO system is the very high scale of T in both
the optimally and overdoped states. Thus, it is advantageous to find the spectroscopic
evidence responsible for such a large energy scale. The goal of this chapter is to investigate
the ab-plane scattering rate in two different overdoped samples of LSCO.

The crystals used in this work were grown using the traveling-solvent floating zone
technique.[Kimura92] The critical temperature for LSCO with x = 0.184 and x = 0.22
was determined by SQUID magnetization measurements and were found to be 32 K and
30 K. respectively. The sample’s surface was oriented using Laue X-ray diffraction and
was polished parallel to the direction of CuO,-planes. The possible miscut between the
ab-plane and the sample’s surface is < 2°.

All reflectivity measurements were performed with a Michelson interferometer using
three different detectors which cover frequencies ranging from 10 to 10000 cm~!'. After
the sample’s reflectance was measured a thin laver of gold was evaporated onto it to
account for surface irregularities. The sample’s absolute reflectance was then obtained
by comparing its reflectance to the same sample coated with gold.[Lynch91] The exper-
imental uncertainty in the reflectance data does not exceed 1%. In the case of LSCO
(.0 = 0.184). the c-axis contribution to the reflectance due to anv miscut errors was
climinated by placing a polarizer normal to the plane of incidence. The angle between
the c-axis and the polarizer axis is less than 1°.

The reflectance of LSCO with a nominal concentration of strontium equal to ()18
was measured with the light polarized along either the a- or b- directions (see Fig. 1.1).
The reflectance of Laj 78519 2,CuQO, was measured without polarizers along the CuQ),-

planes. As a result, strong phonon features can be observed at =~ 250 and 500 cm™'.
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Figure 4.1: The temperature dependence of the reflectance of La,; g,6Srg 15,CuQO, (a) and
Lay 75Srg.2CuOy (b)

The former has the light polarized along the a- or - axis while the latter has the
light polarized in the ab-plane. At low frequencies the reflectance approaches unity
thereby indicating a metallic-like behavior. In the case of La; 73Srg5:CuQy (b) the
peaks at =250 and 500 cm™! indicate a coupling to the c-axis longitudinal phonons.
The inserts show the normal state reflectance up to 9000 cm™~!.
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There are several possible explanations for this phenomenon that involve a coupling
between the ab-plane properties and the longitudinal (LO) phonons polarized along the
c-axis. One is in terms of surface miscut, where a 5° difference between the surface of the
sample and the direction of CuO,-planes would be sufficient to make c-axis LO phonons
visible in the ab-plane reflectance. Figure 4.2 shows the room temperature reflectance of
LSCO(x=0.22) in comparison to the reflectance obtained from a LSCO thin ilm{Gao93].
displaying no evidence of phonons. Also shown is a calculation of the film’s reflectance
when a hypothetical miscut of 1°, 2° and 5° is added. From Figure 4.2 one can sce
that while the broad feature at 300 cm™! is stronger in the experimental data, the peak
at 500 ecm™! in our crystal is weaker than what the 5° miscut model predicts. The
climination of the c-axis phonons was the main reason for using polarized light in the
case of LSCO(x=0.184). However, the introduction of a polarizer significantly reduces
the amount of signal detected which, in turn, increases the noise level. This is especially
true for small samples. The other possible mechanism is a direct, microscopic. coupling
between the ab-plane conductivity and c-axis LO phonons. Such an effect was first
observed by Reedyk et al.[Reedyk92] The difference in the contribution of LO phonons
to the ab-plane reflectance with different propagation directions has also been seen in the
k || ¢ vs. k L ¢ spectra.[Quijada95, Startseva98a]

The optical conductivity was calculated by a Kramers-Kronig (KK) transformation
of the reflectance. In order to perform KK analysis several extrapolations have been
used. For the low frequency extrapolation, the Hagen-Rubens formula. (1 — R) x ! =
was applied with parameters taken from the results of Takagi et al.[Takagi92] For the
high-frequency extension (w > 8000 cm™!) we used the reflectivity results of Uchida ¢t
al.[Uchida91] At frequencies higher than 40 eV the reflectivity was assumed to fall off as
1/

The real part of the conductivity for the two materials is shown in Fig. 4.3. Clearly.
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La]'gmsro.[34CUO4 (a) and La1,738r0_22CuO4 (b).

The former has the light polarized along the a- or b- axis while the latter has the
In both materials a gap-like depression opens up

light polarized in the ab-plane.

below 750 em™! for temperatures below and above T, (32 K), but the conductivity is

non-zero even in the superconducting state.

2000

The temperature dependence of the optical conductivity

66
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71 has a Drude-like peak which narrows as the temperature decreases which is in agree-
ment with the metallic temperature dependence of the DC resistivity. The conductivity
of LSCO is temperature-dependent in the mid IR frequency region as well. There are
strong deviations from the Drude shape in the form of an onset or a step in the con-
ductivity at ~ 700 cm™'. Unlike the Y123, Y124, and Bi,Sr;CaCu,Qs. 4 (Bi2212) ma-
terials which show similar features only at low temperatures, the optical conductivity of
La; 416Sr5.184CuQy4 shows this 700 cm™! threshold at room temperature. The sharpness
of the threshold is related to the presence of phonon features in the reflectance spectra.

Another deviation from the Drude form is a shift in the Drude peak from zero fre-

'. It is clearly seen in the room temperature o, spectra presented in

quency to 150 cm™
Figure 4.3. This peak grows in magnitude and narrows as the Sr doping level increases.
A similar peculiarity was observed by Quijada et al.[Quijada93] in the conductivity of a
single crystal of La;CuQy ; but was absent in Las_.Sr.CuQO, thin films.[Gao93] The peak
has also been observed in other HTSC systems, but its origin is still unclear. Localization
has been suggested as a possible cause.[Timusk95] An artifact of the polished surface is
another possible explanation. However, in the previous IR measurements on LSCO(x =
0.13) this peculiar shift of the Drude-like peak was not seen.[Startseva98a] The surface
of this underdoped LSCO was prepared using an identical procedure to those used in
the present study. We believe that this feature is an intrinsic attribute of overdoped
LSCO. The doping dependence of the peak suggests its connection to either disorder or
the higher carrier concentration. Yet, the resistivity measurements favour the carrier
concentration explanation for the peak’s shift because of the dramatic decrease in re-
sistivity with increasing Sr doping. This is a clear indication of the dominance of the

effect of varying the carrier concentration over changing the amount of disorder in the

compound.[Boebinger96]
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Figure 4.4: The frequency dependent effective scattering rate of La; g;6Srg 15¢CuQ; (a)
and La; 73Srg 22CuQy (b) as calculated using Equation (2.37).

The onset of the suppression in the conductivity corresponds to a drastic change

in the frequency dependence of the scattering rate. The dashed lines are linear fits
(1/7 = axw+/3) to the scattering rate above 700 cm ™! with the parameters a = 0.29.
0.50 and 3 = 1180, 1065 for LSCO with = = 0.184 and z = 0.22, respectively. Below
this frequency the scattering rate varies as w!'*% and shows a strong temperature
dependence.
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A more dramatic manifestation of the pseudogap state is seen in the frequency de-
pendent effective scattering rate, 1/7, shown in Figure 4.4 which can be calculated using
the following equation,

2
r(w. T) = 22 Re(— (4.1)

e m)’
where o(w.T) = 01(w.T) + ioz(w,T) is the complex optical conductivity and w, is the
plasma frequency of charge carriers.

There are two distinct regimes in Figure 4.4: below and above =~ 1000 cm™!'. At
high frequencies the scattering rate varies approximately linearly with w. The numerical
value of 1/7 is comparable to the corresponding frequency. thereby violating the Fermi
liquid approximation which assumes 1/7 << hw. The other observation that can be
made from Figure 4.4 is that there is little change in the effective scattering rate on
entry into the superconducting state. The quasiparticle scattering above 1000 cm ™! in
the superconducting state drops by, at most, 15% from the room temperature valuc.
Similar behavior has been previously seen in the underdoped cuprates such as Bi2212.
Y123 and Y124.[Puchkov96d] The usual trend for the overdoped systems, however. is a
strong temperature dependence of the scattering rate at high frequencies. For example.
in the overdoped Bi2212 compound containing Pb (Bi2212/Pb) the difference between

Uis of the

the scattering rates in the normal and the superconducting states at 2000 cm™
order of 50%. In the case of overdoped LSCO, by contrast. the temperature dependence
of 1/7 is significantly smaller than that in Bi2212/Pb. On the other hand. there are
noticeable differences between the linear part of the scattering rate in underdoped and

overdoped LSCO. The value of 1/7 for the underdoped LSCO(x=0.13 and 0.14) varies
by only 8% between 10 K and 200 K.[Startseva98a]
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The dashed lines in Figure 4.4 are extrapolations of the high frequency linear behav-
lor to zero frequency. A well-defined depression below this linear trend develops at - <
750 ecm~! in both samples signaling the onset of the pseudogap state. In this state the
scattering rate has a strong temperature dependence and a sublinear frequency depen-
dence. ~ w!'*?. The pseudogap state is more prominent in LSCO with x = 0.184. In this
sample the depression is present right up to room temperature. For the £ = 0.22 sample
the depression gradually vanishes as temperature is increased.

One explanation of the scattering rate’s suppression may be the fact that the quasi-
particles are heavily dressed with interactions. The other possible explanation of the
suppression of 1/7 is the existence of a gap in the scattering excitation spectrum. Nev-
crtheless, one would expect the saturation of 1/7 at high frequencies as soon as all the
scattering channels were filled.

There is considerable uncertainty in the size of the pseudogap due to the presence of

! and 580 cm™!. In accordance with our previous

two overlapping peaks at ~ 450 e¢m™
discussion these peaks could originate from a microscopic coupling between the c-axis
LO phonons and the ab-plane conductivity.[Reedyk92] The inset in Figure 4.4 shows a

! and 580 cm™! in the dielectric function of

comparison of the peak positions at 450 cm™
the c-axis phonons[Startseva98a] to those found in the 1/7 spectra. There is agreement
between the position of the peaks, their width and the relative strength with the model
of coupling between LO phonons and the ab-plane IR response. The best we can do in
view of these uncertainties is to suggest an approximate energy range 750+200 cm™! for
the pseudogap similar to the size of the pseudogap in the other cuprates. However we
should note that in a recent study with ARPES it was found that the normal state gap
is significantly bigger in LSCO than in Bi2212 or Y123.[Ino98] The estimated value of \

is 0.1 e\ (800 cm™!) which would correspond to at least 1600 cm~! in the IR spectra.

However, authors points out that because of the technical difficulties the error introduced
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in this estimation is of the order of 0.05 eV.

We found that for La; g,6Srg.134CuQy the pseudogap critical temperature, T* (> 300
K). (Fig. 4.4a) is an order of magnitude higher than the superconducting transition tem-
perature T. (32 K). This is significantly different from the previous results on overdoped
cuprates. Theoretical considerations have led to the suggestion that T coincides with the
temperature of the superconducting transition at the optimal doping level.[Lee92] This
scems to apply to Y123 and Y124 where the T* and T, curves cross near the optimal
doping level.[Basov96] However, this is clearly not the case here. A detailed examination
of the scattering rate curves in Fig. 4.4b indicates that in the overdoped sample with
x=0.22 the suppression of the scattering disappears near room temperature, implving
that T* is close to 200 K for z = 0.22. As Figure 4.5 shows, our findings of a pseudogap
in overdoped LSCO are consistent with the phase diagram of Batlogg et al. for this
material.

There was a suggestion[Stojkovi¢97], based on the fact that the pseudogap stretches
to the chemically overdoped regime, to define the overdoped systems as those where the
antiferromagnetic correlations are weak and the temperature dependent uniform suscep-
tibility has a maximum only below T.. The examples are T12212 with T, = 40 K and
LSCO with x > 0.24. According to this definition both of the systems studied in this
chapter are “magnetically underdoped™.

J.G. Naeini et al.[Naeini98] studied a crystal from the same source as the present
sample with a strontium content equal to 0.22 using electronic Raman scattering. The
scattering rate was obtained from the By, spectra at different temperatures. Distinct
changes in both the magnitude and slope were found at a temperature of ~ 160 K. By
applying nearly antiferromagnetic Fermi liquid theory (NAFL) the authors suggested
that the pseudogap is absent in LSCO (x = 0.22) and that a pseudoscaling regime is

prevalent below 160 K. According to our findings the pseudogap state exists below 200 X
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Figure 4.5: The phase diagram T~ vs z for La,_,Sr,CuQO,.
The data from Hall effect, resistivity, magnetic susceptibility and NMR experiments
were taken from the work of Batlogg et al. and references therein. The value of T*
estimated from the effective scattering rate (see Fig. 4) is shown by + syvmbols.
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in this sample. The nature of the disagreement may be in the choice of the particular
definition used to characterize the pseudogap. However, the transport measurements
mentioned above concur with the statement that the pseudogap exists in the overdoped
LSCO (Fig. 4.5).[Batlogg94]

For completeness we also calculated the effective mass enhancement which is related

to the cffective scattering rate by the Kramers-Kronig relation:

m"fme = 1 + A(w P/ VT(Q) T2 40 (4.2)

where A(w) is the mass enhancement factor. It also can be calculated from the complex

conductivities using the equation:

w? 1 1
* C = __p'— _—. ‘[-:5
m*/m 47m}[m J(w)) (+4.3)

In Figure 4.6 the mass enhancement calculated using Equation 4.3 is shown for temper-
atures below and above the superconducting transition temperature. Note that m~/m,
is intensified in the same energy range where the effective scattering rate is depressed.
The maximum value of m*/m, ranges from 1.5 to 4. The mass enhancement seems to be
higher for x=0.22 than for x=0.184. Both the range and the maximum values of the mass
enhancement are in good agreement with the previously reported results.[Puchkov96d]
In summary, we have observed clear evidence for the pseudogap state in two overdoped
samples of LSCO. Unlike the YBCO system, where the normal state’s pseudogap feature
is only seen in the underdoped system, the LSCO compound exhibits this feature in the
overdoped regime at a temperature substantially above the superconducting transition
temperature. In this material the crossover from the underdoped to the overdoped regime

does not suppress T below T..
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Chapter 5

OPTICAL PROPERTIES OF HgBa;Ca,;Cu;0s4. 5

Since its discovery,[Putilin93, Schilling93] the HgBa,Ca,_;Cu,Osn+1)+s (Hgl2(n — 1)n))
svstem has attracted a tremendous amount of attention. When n = 3, the compound
has a superconducting transition temperature (T.) of 136 K at ambient pressure[Isawa94]
which rises to values above 150 K under pressure.[Chu93, Takahashi93] Both of these
values are records for the HTSC. It is also possible to vary the critical temperature in
this material by changing the number of CuO, planes, n. within a single unit cell. The
diversity of n in this system gives a unique opportunity to characterize the dynamics of
the inter-plane coupling as well as to study the dependence of the critical temperature
upon the number of CuO, planes. In addition, it has been found that the Hg-Os blocks
supply excess oxygen to the CuO; planes. This provides another avenue for modifving
T.. Based on the value of the critical temperature there are three classes of high-T.
superconductors. The first class includes materials such as LSCO and the related NdCe
cuprates. They can be characterized by a low T, which at optimal doping does not exceed
40 K. and only one CuO, plane per unit cell. The second class is the most studied one.
[t includes materials such as YBCO and PSYCCO and is characterized by a maximum
critical temperature in the vicinity of 90 K. The third class which includes Hgl2(n — 1)n
and the compound studied here as well as the Bi and Tl cuprates exhibits an optimal T,
that varies with the system but increases dramatically with the number of copper layers.
This unusual behavior makes this class of materials an excellent candidate for studving

the mechanism behind the high transition temperatures in the cuprate superconductors.

~I
(1]
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In this work the triple layered Hg-cuprate is investigated in the underdoped regime.

The high value of the transition temperature directed attention towards the properties
of the superconducting state. Nevertheless, the normal state properties are as anomalous
and intriguing as the superconducting ones. It is important to see whether or not the
value of T,.. as well as large number of CuO, planes, affects the temperature. T". and
energy scale of the pseudogap. At present, the highest values for T* have been found for
the cuprates with the lowest T.[Batlogg94. Startseva98a, Startseva98b]. However. the
size of the pseudogap as measured by the ab-plane scattering rate seems to be material
independent.[Puchkov96d]

The peculiar normal properties previously seen in the majority of underdoped cuprates
have also been found in the Hg-cuprates. Several transport studies [Carrington94. Fukuoka97]
have shown the presence of a clear downward suppression from the linear temperature
dependent resistivity. According to Fukuoka et al.[Fukuoka97] the characteristic temper-
ature of this anomaly, T*, spans from 220 K to 280 K for Hgl1223 single crystals having
different oxygen contents.

An even higher range of T* based on NMR is reported by Julien et al.[Julien96]. The
measurements presented in this work were performed on the samples grown by the same
group that supplied the crystals for NMR work. Both the in-plane resistivity[{Carrington94|
and the uniform spin susceptibility suggest a value for T* near 370 K. It has also been
argued that the characteristic energy of the spin fluctuations of Hgl1223 is higher than
that of underdoped YBasCu3zO7_s(Y123). This magnetic energy scale was found to bhe
95 meV, whereas for Y123, the number does not exceed 75 meV.[Takigawa94] Neverthe-
less. the magnitude and the temperature dependence of the uniform spin susceptibility
arc comparable in both materials. The NMR measurements performed on the single layver
Hg-cuprates indicate that the value of T* is similar to that of the triple layer Hgl1223

compound.[Bobroff97] Thus, there is only an insignificant connection between T* and the
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coupling between adjacent layers.

There are a number of other studies on the Hg1223 compound (Raman spectroscopy
[Sakuto97]. specific heat{Carrington97], transport measurements{Bertinotti97]). but there
have been no investigations of the far-infrared optical properties for the triple laver Hg-
cuprate. This work presents the first measurements on the optical properties of Hg1223
over a wide frequency range, at temperatures below and above T.. The main reason
for the lack of optical data on this system is the extremely small size of the available
samples. A sensitive overfilling technique combined with an improved rapid scan Fouricr-
transform spectrometer made this measurement possible. While the infrared experiments
do not provide information about the k-space dependence of the normal state gap thev do
have an advantage over, for example, DC transport measurements in that they possess
the ability to obtain detailed information about scattering processes and the coupling
between the carriers as a function of frequency.

The growth procedures as well as the characterization performed on the cryvstals used
in this study are described elsewhere.[Bertinotti97] The dimensions of the crystals used
were typically 0.5x0.4x0.03 mm? (the shortest dimension being along the c-axis). Mag-
netization measurements showed a transition temperature of 121 K. which is somewhat
lower than the optimum value of 133 K. The samples measured were as-grown and oxyvgen
deficient, thus underdoped.[Bertinotti97]

The reflectance of a single crystal of Hgl223 was measured with the electromag-
netic radiation polarized parallel to the ab plane. The far-infrared reflectance is shown
in Fig. 5.1. The dotted curves represent reflectance for temperature below the super-
conducting transition and the solid curves describes the reflectance above T.. The re-
flectance clearly deviates from a simple Drude behavior. Moreover. the reflectance does

not monotonically increase as frequency decreases. Instead, it develops a sharp step-like
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suppression below 325 cm™!. This feature almost vanishes in the noise at room temper-
ature. However, it seems to strengthen below T.. A similar suppression was previously
observed in a number of cuprates and was assigned to a localization effect.[Timusk95]
Several study has shown that the step-like suppression below 325 cm~! is enhanced
by impurities such as Zn, by radiation damage or by disorder associated with oxyvgen
doping.[Basov94, Basov98a] Nevertheless, it has also been seen in the reflectance of a
high purity Y123 crystal grown in a zirconia crucible [R66m98] suggesting that the sup-
pression may be intrinsic. An interesting aspect of the Y123 measurements is that the
feature only occurs in the a-direction (i.e. the direction without chains). It is conceivable
that this suppression is also an intrinsic feature of Hg1223.

The real part of the optical conductivity is shown in Fig. 5.2. Both the real and
imaginary parts of conductivity have been calculated from the reflectance data using
Kramers-Kronig analysis. To implement this calculation extrapolations were used. At
low frequency, the reflectance followed a Hagen-Rubens dependence in the normal state
and a (1 — R) ~ w? dependence in the superconducting state. The room temperature
high frequency data was measured up to 3.5 eV. Bevond this frequency the reflectance is
assumed to be constant up to 37 eV. At higher frequencies free-electron behavior is used.

The in-plane response of Hgl223 is approximately Drude-like: the real part of con-
ductivity decreases with increasing w. Nevertheless. a few deviations from the Drude
form should be mentioned. Firstly, the typical Drude peak, usually centered at the zero
frequency, is shifted towards 300 cm~!. The precursor of this shift was a suppression in

the reflectance below 300 cm™!. Secondly, the width of the peak is significantly lower at

temperatures below 225 K. It seems that most of the spectral weight below 1250 ci™! is
displaced to the condensate delta function at w = 0. In order to analyze the differences
we show the frequency dependence of the effective scattering rate, 1/7(w), calculated

using the extended Drude model.
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Figure 5.1: The frequency dependence of the in-plane reflectance of HgBa;CasCuz Oy

is shown for temperatures below and above T..

The dotted curves corresponds to temperatures below the superconducting transition
and the solid curves belong to the normal state. Inset: The reflectance at 298 K over

a broad frequency range.
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The dotted curves correspond to temperatures below the superconducting transition
(T = 25 and 75 K) and the solid curves belong to the normal state (T = 298, 225
and 125 K). In the normal state, the conductivity is similar in appearance to a Drude
conductivity. However, there is a visible suppression of g; below 1250 cmm™".
suppression is enhanced in the superconducting state. Also the usual Drude peak
centered at the zero-frequency is shifted to a finite frequency equal to 200 cm
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[t is well known that the effective scattering rate in the underdoped samples can be
divided into two well defined regions.[Puchkov96d] At high frequencies (w >750 cm™!).
the scattering is strong and linear as a function of frequency. In addition, the temper-
ature dependence of 1/7 is weak below 300 K. At low frequencies (« <730 cm™!) the
strong scattering regime abruptly fades. The remaining scattering rate is diminished and
strongly temperature dependent. The frequency at which the crossover from the strong
to the weak scattering regime occurs can be used to define the size of the pseudogap. It
has been shown. based on the measurements from the different high-T. superconductors.
that the size of the pseudogap is the same for both the normal and superconducting
states.

Similar behavior is observed for the case of Hg1223 (Fig. 5.3). There are two distinct
regions: one region is where the scattering rate is somewhat linear and practically tem-
perature independent and the other where a sublinear frequency dependence develops
along with a strong variation in 1/7 as a function of temperature. The suppression of
the scattering rate below the linear-w trend persists above the highest measured temper-
ature suggesting that T* > 298 K. This is in agreement with the previous estimation of
T .[Carrington94] For completeness, the effective mass is shown in the inset to Fig. 5.3.
The value of m*/m, is enhanced in the frequency range corresponding to a suppression
of the scattering rate.

In the previously measured cuprates, the transition between the superconducting
and normal states is very subtle. However, the spectra in Fig. 5.3 reveals a distinct
difference in the size of the pseudogap for temperature below and above T.. In the
normal state (solid curves on Fig.. 5.3) it is equal to ~ 750 cm™! which is in accord
with the characteristic energy scale of spin fluctuations.[Julien96] However. below T, the
crossover from a strong to weak scattering regime occurs at a frequency nearly double that

of the normal state. The physics behind this shift is unclear. The possibility exists that
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Figure 5.3: The frequency dependent effective scattering rate for HgBa,Ca,Cu;Og_s with
E Lec.

The dotted curves correspond to temperatures below the superconducting transition

(T = 25 and 75 K) and the solid curves telong to the normal state (T = 298. 225
and 125 K). The onset of the suppression in the conductivity corresponds to a drastic
change in the frequency dependence of the scattering rate. In the superconducting
state. a gap-like feature opens up at 1250 cm™!. In the normal state, this suppression

is also present, but the onset of the pseudogap shifts towards lower frequencies. Inset:
The frequency-dependent mass enhancement in the normal and the superconducting
states.
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it may be related to the extremely high value of T.. One might expect that a high critical
temperature at optimal doping would lead to a bigger superconducting energy gap. For
comparison the scattering rate of several underdoped cuprates is shown in Fig. 5.4. In
the underdoped Bi2212 with a T. = 67 K (upper middle panel) a slight difference in the
size of the pseudogap between the normal and superconducting states is noticeable. In
underdoped Y123, with a lower T, of 58 K (lower middle panel), the difference vanishes.
The size of the pseudogap in LSCO (bottom panel), discussed elsewhere,[Startseva98a]
is cqual to 750 ecm™!. On the other hand, the critical temperature is a mere 32 K. In the
BCS framework, the value of the superconducting gap is proportional to the value of T,.
In this case one would expect that the small value of T, corresponds to the smaller value
of the superconducting gap. This conjecture would be consistent with the measurements
performed on LSCO if one assumes that the superconducting gap and the pseudogap
are two different entities. In this case the pseudogap could dominate in both the normal
and superconducting states of LSCO. There is, however, no direct verification of the
proportionality between the superconducting gap and T. in HTSCs. Another possible
scenario is that there are two competing processes. One process is responsible for the
superconducting gap and the other process forms the pseudogap. Yet. there is evidence
from ARPES[Norman97] that both the pseudogap and the superconducting gap trace
the shape of the Fermi surface. This suggests that the processes responsible for gap
formation have the same origin at temperatures above and below T..

Significant information about the electronic structure can be obtained from the partial
conductivity sum rule. The plasma frequency of the condensate (or the missing arca under

the curve of o(w)) can be obtained from the following expression{Basov98b]:

wgs = Sn(UJ)—S;(LU) (5.1)

22 [(ow(w) - ore(e)lds. (5.2)

T

I
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Figure 5.4: The frequency dependent effective scattering rate with E i ¢ for Hgl223 (top
panel). Bi2212 (middle panel) (After A.V. Puchkov[Puchkov96d]), Y123 (bottom panel)
(After D.N. Basov[Basov96]) and LSCO.

The dotted curves correspond to temperatures below the superconducting transition
and the solid curves belong to the normal state. The scattering rate curves are
essentially temperature independent above 1000 cm™!. Yet, at low frequencies. a
depression develops below the high-frequency extrapolation (the dash line). The size

of the pseudogap, taken as the frequency where the onset of the suppression develops.

is essentially material independent for both the normal and superconducting states
for Bi2212, Y123 and LSCO. By contrast, in the superconducting state of Hgl1223.
the size of the gap-like feature is significantly bigger than that of the normal state.
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where o,(w) and os(w) are the conductivities at temperatures above and below T,.
respectively. This equation with a cutoff frequency of w = leV yields wp,s = 7850 £ 50
em~! at 25 K for Hg1223 . The curves corresponding to the integrals, S,(w) and S.(.).
are shown in Fig. 5.5. Below 1500 cm™! the curves rise sharply. There is a considerable
difference between the values of S, (w,298K) and S,(w,25K). This is associated with the
appearance of the superconducting condensate. The numerical difference occurs because
the weight of the delta function is not included in the conductivity sum rule. It important
to note that the value of S,(w, 125K) is comparable to the corresponding values of the
superconducting state. Thus there is a significant loss of low frequency spectral weight
even at 125 K. This suggests that there is an unusually large low frequency peak below
the frequency of 100 cm-1 where our conductivity measurements stop. This peak mayv be
associated with paraconductivity due to preformed pairs as suggested by some theories
of the pseudogap state.

The oscillator strength of the condensate can also be estimated from the real part of
the dielectric function in the superconducting state (see Eq. 2.22). The real part of the
dielectric function at various temperatures is shown in Fig. 5.6. The sharp decrcase in
ci(w) is a signature of the suppression of the quasiparticle scattering rate. Note. that
the decrease in the superconducting dielectric function (dotted line) occurs at a higher
frequency than in the normal state. The inset to Fig. 5.6 shows the plot of €, versus . ~=.
The slope obtained from the linear regression fit at 25 K gives a value for the plasma
frequency of the condensate equal to 8000 £ 500 cm™2. This value is in good agreement
with the value obtained from the partial sum rule. Based on both results the Loudon
penctration depth can be estimated to be Ay = 1/27rwp5 = 200 + 30 nm which is in
agreement with the penetration depth measurements of Panagopoulos et al. done on
magnetically aligned powders in a low field susceptometer.[Panagopoulos97]

It has been pointed out that the strength of the condensate is directly proportional
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to the critical temperature. This relationship is commonly referred to as the Uemura
line.[Uemura91] Both optimally doped and underdoped HTSC from a wide variety of
families seem to follow this relationship. The Hgl223 compound. however. is unique in
that it falls significantly below the line. This suggests that the physics of this compound
has a few distinct characteristics.

In conclusion, we have used, for the first time. reflectance measurements in the far
infrared frequency region to study single crystals of underdoped Hgl1223. In agreement
with previous experiments on other cuprates, our results indicate that the pseudogap is
formed in this material with T* > 298 K. Two different energy scales were observed within
the pseudogap. In the superconducting state, the size of the pseudogap is approximately
1250 cm~!. In contrast, the size of the normal state’s pseudogap assumes the lower valuc
found in all other high-T. superconductors. Also, a shift in the Drude-like peak from the
usual zero position towards 325 cm~! was observed. The magnitude of the peak increases
upon entry into the superconducting state. Based on both the conductivity sum rule and

the dielectric function analysis the value of the London penetration depth was found to

be 200+ 30 nm.
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Chapter 6

CONCLUSIONS

To a large extent, the underlying theme behind this work has been the investigation
of the pseudogap state in various cuprates. At the beginning of the work the question
was addressed whether or not the pseudogap state is universal among all HTSCs. If
the answer were positive, then how would it depend on the number of CuQ, planes as
well as on the value of the critical temperature? Another motivation for this work was
the suggestion that the pseudogap strongly depends on the interlayer coupling. making
it specific to only bilayer compounds such as Y123, Y124 and Bi2212. In an attempt
to answer these and many other questions, this work has concentrated on two cuprate
svstems: LSCO and Hg1223.

A comparison of LSCO and Hgl223 with the other cuprates such as Y123 or Bi2212
shows a significant number of similarities. For all of the underdoped cuprates. the pseu-
dogap is a fundamental property of the normal state. The characteristic temperature
of the psecudogap is strongly doping dependent and exceeds room temperature in some
cases. [t decreases as doping increases until, finally, it matches T, in the overdoped re-
gion. However, T" is not a direct measure of the pseudogap’s energy scale. The cnergv
scale itself has proved to be weakly dependent upon the doping regime. Moreover. in
all investigated materials, the suppression in the effective scattering rate spectra. which
corresponds to the pseudogap, occurs at 750 cm™! for temperatures between T. and T-.

Remarkable similarities are displayed, not only in the position of the suppression. but
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also in both the temperature and the frequency dependence of 1/7(w,T). For the fre-
quencies below 750 cm™! and for temperatures below T*, the scattering rate becomes
both the temperature and w dependent. Above 750 cm™! and below the characteristic
temperature T**, 1/7(w,T) is nearly a linear function of frequency and does not show
any indication of a temperature dependence.

Even with all these similarities there are still a number of important differences be-
tween the various cuprates. In Y123, Y124, Bi2212 and LSCO the crossover between the
normal and superconducting states is an elusive one. Yet, in the Hg1223. the transition
is obvious. Here, the energy scale of the gap-like feature differs for temperatures above
and below T.. At 25 K the suppression in the effective scattering rate. which suggests the
opening of a gap in the excitation spectrum, occurs at 1250 cm™!. This is a significant
shift from the energy scale of the 1/7 suppression at T, where T, <T<T*. Also. it is
generally believed that the pseudogap is a unique property of the underdoped cuprates.
However, in LSCO the existence of the pseudogap extends into the strongly overdoped
region. The cumulative data collected on LSCO suggests the presence of paramagnetic
centers.

Two entirely novel aspects were introduced in this thesis. The previous measurements
showed the optical spectra only up to room temperature. For the first time the reflectance
of the underdoped LSCO compound was obtained at temperatures as high as 400 K.
As a result, in the underdoped sample, the temperature dependence of the effective
scattering rate was observed even above 750 cm™!. This suggested the possibility of
another temperature scale within the phase diagram T vs T.

Also this work presents the first optical spectra of Hgl1223 single crvstals. Besides
the study of the pseudogap in this material, the optical conductivity, as well as the
dielectric function, were investigated. Based on this study, the London penetration length

was found to be 200 £30 nm. Surprisingly. the value of the condensate § oc \;* as
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a function of T. does not follow the relationship commonly referred as the Uemura
line.[Uemura91] Namely, Uemura et al. pointed out that the strength of the condensate
d varies monotonically with T.. Many underdoped and optimally doped materials such
as LSCO, Y123 and Bi2212 are well described by the Uemura relationship. However.
the value of ¢ in Hgl223 falls significantly below the Uemura line, suggesting that the
physical processes determining superconductivity are different for this material.

The c-axis conductivity of LSCO also shows evidence of a pseudogap. However. a
clear gap-edge feature like that seen for Y123 was not observed. The feature is weak and
can be seen at frequencies below 500 cm L.

Taken together the experimental and theoretical work on high temperature supercon-
ductors has not vet provided a consistent explanation for the pseudogap phenomenon.
Such an explanation will only arise through further experimental investigations of the
anomalous normal state. Moreover, it is these studies that will direct our understanding

towards the true nature of the pseudogap and pave the way towards a theory describing

the essence of high temperature superconductivity.



Appendix A

Energy units:

1 e\'=8065.5 cm™! = 2.41796x 10" Hz= 11600.4 K= 1.602x10-1? J.



Appendix B

Material abbreviations:

La,_,Sr.CuQ, (LSCO)
HgBa,Ca,Cu304.s (Hgl223)
YBa,CuyO7_s5 (Y123)

YBa,Cu Oy (Y124)

T1,Ba,CuQg.s (T12201)
Bi,Sr,CaCu,0g.s (Bi2212)
Bi,_,Pb,Sr,CaCu,0s4s ((Bi/Pb)2212)
Ba,_,K,;BiO; (BKBO)

Ba;_,.Pb,BiO; (BPBO)
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